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INTRODUCTION 
Rationale 
Saccharomyces cerevisiae, also known as Bakers' yeast, is one of the most 
comprehensively studied eucaryotic organisms. Like the prototypical bacterial 
organism, Escherichia coli, yeast cells grow and divide rapidly on defined media, are 
easily modified and characterized genetically, are particularly amenable to molecular 
cloning and gene replacement methods, and are a suitable system for enzyme 
purification and biochemical analysis. Thus, typical of most eucaryotic cells, yeast has 
become a valuable tool in the study of molecular processes within eucaryotic cells. 
The 5. cerevisiae haploid genome comprises 16 chromosomes consisting of 
14000 kilobase pairs of DNA, one of the smallest known eucaryotic genomic sizes 
(Watson et al., 1987). Coding information within the yeast is packed more densely in 
the chromosome with relatively less amounts of noncoded information. Typical yeast 
genes do not contain introns (Watson et al., 1987), in contrast to other eucaryotes 
where much of the transcribed regions is removed from pre mRNAs by RNA splicing. 
Furthermore, yeast genes often are located close to each other, with relatively little 
noncoding spacer DNA separating the coding information (Imiger et al., 1991). 
This dissertation examines a specific example of the density of the yeast 
genome. On chromosome XIII the genes RHOl and MRP2 are located adjacent to 
each other (Myers et al., 1987). Nucleotide sequence analysis of genomic DNA 
showed the genes are transcribed towards each other, and the 3' ends of the two coding 
sequences are separated by only 281 base pairs. The dissertation addresses the 
physical relationship between RHOl and MRP2 on a transcriptional level, and the 
economical use of regulatory sequences existing between the two genes that specify 3' 
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end formation of convergently transcribed mRNAs. The introduction section will 
discuss the function and significance of MRP2 and RHOl, as well as what was known 
previously regarding cis acting signals for transcription termination and 3' end 
formation in yeasL 
MRP2 
MRP2 was isolated based on its ability to complement a specific respiratory 
deficient yeast mutant. Yeast are facultative anaerobes capable of either fermentation or 
respiration, depending on the available carbon source. Yeast can be forced to produce 
ATP by respiration through the oxidative phosphorylation and electron transport 
systems, by providing only nonfermentable carbon sources. Twelve proteins required 
for oxidative phosphorylation and electron transport are coded for by mitochondrial 
DNA (mt DNA) and are synthesized within the mitochondria themselves on 
mitoribosomes (mitochondrial ribosomes). Yeast mitoribosomes have two separable 
subunits, which sediment in sucrose velocity gradients at 37S and 50S. Each subunit 
is made up of a single rRNA chain surrounded by a large number of ribosomal 
proteins. A 15S rRNA is found in the 37S subunit, and a 21S rRNA molecule is 
found in the 50S subunit. 
Only a fraction of the mitochondrial proteins are coded for by mt DNA 
(Tzagoloff and Myers, 1986). In fact, many multisubunit enzyme complexes are 
dependent on coordinate expression of nuclear DNA and mt DNA for their biogenesis. 
Most ribosomal proteins, all tRNA aminoacyl synthetases, and initiation, elongation 
and termination factors are nuclear encoded whereas the rRNAs within mitoribosomes 
are coded for by the mitochondrial genome. 
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MRP2 is a nuclear gene coding for a mitochondrial ribosomal protein (Myers et 
al., 1987). Nucleotide sequence analysis indicated MRP2 codes for a hydrophilic 
protein with a molecular weight of 13,522 Kilodaltons (KDa) (Myers et al., 1987). 
Comparison of the amino acid sequences of known proteins revealed a significant 34% 
homology between the carboxy terminus of the MRP2 product and a protein of the 
small subunit of E. coli ribosomes, S14 (Cerrctti et al., 1983). Another homolog of 
S14 was found in an open reading frame within the chloroplast genome of the liverwart 
Marchantia (Umersono et al., 1984). Alignments of MRP2 with the Marchantia 
chloroplast protein revealed 36% identity over the first 78 amino acids while the E. coli 
S14 and chloroplast proteins were 43% identical over this region. Overall, 23% of the 
residues were conserved in all 3 proteins, suggesting they have similar functions and 
probably evolved from a common ancestral gene. 
The phenotype of mrp2 mutations supports the contention that this gene codes 
for a mitochondrial ribosomal protein. Mutations in MRP2 disrupt association of the 
mitoribosomal components and lead to a deficiency in mitochondrial ISS ribosomal 
RNA. Furthermore, completely nonfunctional alleles of MRP2 cause spontaneous 
deletion of mitochondrial DNA. This phenotype is observed for all known components 
of the mitochondrial translation apparatus including other mitochondrial ribosomal 
proteins. The reason why mitochondrial DNA is deleted in the absence of 
mitochondrial ribosomal proteins is unknown. However, it has been suggested that 
mutations in nuclearly coded ribosomal proteins lead to a block in the translation of 
mitochondrially coded mRNA, specifically DNA replication or repair proteins (Myers 
et al., 1985). 
Northern hybridization analysis demonstrated MRP2 mRNA accumulation is 
induced if cells are shifted from the fermentable sugar glucose to a nonfermentable 
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carbon source (Myers et al., 1987). Following a shift, MRP2 mRNA accumulation 
increases approximately five fold and is maintained at the higher level for 3 hours. The 
MRP2 mRNA level then decreases to normal levels within six hours. The transcript 
of CYCl (Zaret and Sherman, 1982), a well characterized glucose repressable gene 
coding for iso-1-cytochrome c, follows the same time course as MRP2 mRNA 
accumulation, however, the relative increase in mRNA levels is greater. 
Ras Genes and Proteins 
The superfamily of p21^s.related proteins 
RHOl was discovered by nucleotide sequence analysis of the genomic DNA 
adjacent to MRP2, and identified by sequence comparison as a member of the ras gene 
superfamily (Madaule and Axel, 1985; Madaule et al., 1987). This superfamily 
contains approximately 20 known genes, and is defined by homology with the protein 
p21 coded for by the ras oncogene of Harvey and Kirsten rat sarcoma viruses (Ellis et 
al., 1982). Based on amino acid sequence comparisons three subfamilies can be 
defined within the ras superfamily. The first subfamily contains the ras genes as well 
as the closely related ral and rap genes (Chardin and Tavitan, 1986; Kawata et al., 
1988). The second subfamily in the ras superfamily contains genes known as rho and 
rac (Madaule and Axel, 1985; Didsbury et al., 1989). The third subfamily was first 
identified by the yeast gene YPTl (Segev and Botstein, 1987), and contains the rab 
genes (Touchot et al., 1987). Proteins in any one subfamily are significantly more 
homologous to each other than to members of a different subfamily. For example, the 
yeast protein Rholp is 55% identical to another rho protein, Cdc42p, but only 32% 
identical to yeast Raslp and approximately 30% identical to Yptlp (Adams et al., 1990; 
Madaule et al., 1987; Salminen et al.,1987; Touchot et al., 1987). Proteins from 
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individual genes are significantly more homologous to each other than to members of 
the same subfamily. The yeast protein, Rholp is 81.8% identical to a human rho 
protein, rhoHll (Avraham et ai., 1989) and the yeast protein Cdc42p is 75% identical 
to the human G25K protein (Munemitsu et al., 1990). Within the yeast cell however, 
two proteins of the rho subfamily, Rholp and Cdc42p, are 55% identical (Adams et 
al., 1990). 
Ras genes were originally identified as genetic loci in the Harvey and Kirsten rat 
sarcoma viruses responsible for transformation, and thus were termed "oncogenes" 
(Ellis et al., 1982). Subsequently, they were shown to be dominant mutated forms of 
host genes that had been picked up by the retroviruses. Activated ras oncogenes as 
well as a variety of other oncogenes have been found consistently in many types of 
human malignancies. The potential for proto-oncogenes to participate in malignancy 
arises because their products are involved in the biochemical circuitry that governs cell 
division and growth. Proto-oncogenes code for growth factors (sis) (Josephs et al., 
1984), receptors for growth factors (erbB, fms, kit) (Downward et al., 1984; Chabot 
and Stephenson, 1988; Sherr et ai., 1985), proteins that convey signals from the 
receptor to other effector proteins (src,ras,raf) (Chackalaparampil and Shalloway, 
1988; Peddy, et al., 1988), and nuclear factors that stimulate a transcriptional response 
(jun, fos) (Bishop, 1991; Bohmann et al., 1987; Rauscher et al., 1988; Turner and 
Tijan, 1989; Wasylyk et al., 1990). Although there are a large number of proto-
oncogenes, they act by three mechanisms. The first mechanism, phosphorylation of 
proteins on serine or threonine residues, is either catalyzed or induced by the proto-
oncogene itself (Watson et al., 1987). Protein kinases, when suitably mutated, become 
transforming proteins acting through unwarranted phosphorylation of their many 
substrates (Bishop, 1991). A second mechanism by which proto-oncogenes transmit 
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signals is by binding and hydrolyzing of GTP (Bourne et al.,1991). Ras proteins are 
GTPases that transmit signals to an effector protein such as adenylate cyclase or 
phosphodiesterase through binding and hydrolyzing GTP. Finally, a third mechanism 
is control of transcription. A variety of transcription factors are encoded by proto-
oncogenes including the products of fos and jun (Bohmann et al., 1987; Wasylyk et 
al., 1990). 
Ras protein structure and function 
Ras genes are studied because of their abundance in cancerous tumors. Through all 
experimental data, it has become clear that they are a central controlling element in cell 
growth CTemeles et al., 1985). Biochemically, actions of ras closely resemble those of 
classical G proteins involved in transmembrane signalling systems (Gilman, 1984). 
Specific domains implicated in GTP binding and hydrolysis in ras share significant 
sequence homology with the a subunit of the heterotrimeric Gs and Gi complexes, G 
proteins known to activate and inactivate respectively, adenylate cyclase in response to 
P adrenergic stimuli (Bourne et al., 1991). In addition, specific ras domains are 
homologous to other nucleotide binding proteins such as bacterial elongation factor Tu 
(EF-Tu) and the P subunit of ATP-synthase (Leberman and Egner, 1984). The 
domains in ras implicated in GTP binding and hydrolysis are highly conserved in all 
members of the ras superfamily implying they share common structural and functional 
characteristics. Extra homology within each subfamily implies an additional functional 
conservation such as interaction with similar effector molecules. 
A model for ras protein function as well as other G proteins proposes that ras 
proteins exist in equilibrium between an active and an inactive state (Barbacid, 1987; 
Jumak et al., 1990). Upon receiving the proper stimulus from an upstream factor in 
the signal transduction pathway, p21 ras binds GTP. Active ras proteins are then able 
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to interact with effector molecules. Once an interaction has taken place, p21 ras is 
deactivated by intrinsic hydrolysis of GTP to GDP. Release of bound GDP converts 
the ras proteins into a resting state. Mutations in positions 12,13,59 or 61 prevent the 
hydrolysis of GTP rendering the ras protein constitutively turned on resulting in 
transformation due to the submitted uncontrolled growth signal (Barbacid, 1987). 
The protein exists in three conformational forms depending on the state of the 
bound nucleotide (Bourne et al., 1991; Jumak et al., 1990). Under normal conditions 
in the cytoplasm, GTP is more likely than GDP to enter the empty guanine nucleotide 
binding site of ras thereby forming the "active conformation" which is then physically 
able to interact with an effector molecule. Upon hydrolysis of GTP to GDP the "active 
ras conformation" shifts to an "inactive" state. Release of bound GDP converts the 
"inactive" state of the protein to an "empty state". Two classes of regulatory proteins 
assist p21 ras in switching from one state to another. Guanine nucleotide release 
proteins (GNRPs) catalyze the release of bound GDP and promote binding of GTP 
while GTPase activating proteins (GAPs) catalyze GTP hydrolysis (Hall, 1990; 
McCormick, 1989; Trahey et al., 1987). 
The 3-dimensional structure of p21 ras in botii the GDP and GTP bound states 
has been solved to 1.2 A resolution (Milbum et al., 1990; Pai et al., 1990). Crystal 
structures of p21 ras indicate that its hydrophobic core consists of six strands of p 
sheets that are connected by hydrophilic loops and a helices. Five regions within the 
proteins are shown to be crucial for GDP/GTP exchange and GTP hydrolysis (Bourne 
et al., 1991; Pai et al., 1990). They are entitied G-1 through G-5. The G-1 region 
encompasses amino acids 10-17 in ras and has the sequence motif GX4GK(S/r) 
(deVos et al., 1988). G-1 is a hydrophilic loop in which main chain amide hydrogens 
form bonds with the a and P phosphates of GTP or GDP. Region G-2, residues 32-
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40, is changed conformationally if OTP rather than GDP is bound. This region is also 
called the effector region and is the site thought to interact with a putative effector 
molecule (Barbacid et al., 1987; Yatani et al., 1990). Mutations in this region of p21 
ras lead to loss of transforming potential without affecting GTP binding. This regions 
is highly conserved within subfamilies but not between them. Threonine 35 is thought 
to be the most important amino acid in this region. Its orientation changes dramatically 
depending on whether GTP or GDP is bound to the protein. The side chain of 
Threonine 35 aids in the coordination of Mg^+ to the oxygen atoms of the P and y 
phosphates of GTP. The Mg2+ ion is essential for GTP hydrolysis (Pai et al., 1990). 
Amino acids 57-63, region G-3 (DXXG), are highly conserved in all small molecular 
weight G proteins (Jumak et al., 1990; Milbum et al., 1990). The invariant aspartate 
57 binds to Mg2+ while glycine at position 60 forms a hydrogen bond with the y 
phosphate of GTP. G-4 (NKXD), consisting of residues 114-119, is associated with 
the guanine ring. Residues 116 and 117 stabilize the guanine nucleotide binding site by 
forming hydrogen bonds to residues 13 and 14 in region G-1. Finally, G-5 consisting 
of residues 144-146 interacts with the guanine nucleotide base indirectly through 
hydrogen bonds that stabilize side chains of amino acids in the G-4 region. 
One obvious site at which the regulatory factor GNRP could bind to catalyze the 
release of bound GDP is at the point where G-4 and G-5 interact with region G-1. It is 
proposed that GNRP catalyzes dissociation of GDP by "relaxing bonds" between the 
guanine ring and side chains of region G-4 and region G-1 (Bourne et al., 1991). 
Interestingly, mutations of amino acids in these regions reduce the binding affinities of 
ras for guanine nucleotides. GNRP may also act by reducing the affinities of p21 ras 
for guanine nucleotides. 
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GAP proteins, on the other hand, are thought to stabilize the conformation of 
the ras protein found to be most favorable for GTP hydrolysis(Mc Cormick, 1990; Pai 
et al., 1990). Intrinsic GTP hydrolysis is probably initiated by the side chain of 
glutamine 61 (Trahey and Mc Cormick, 1987). If in the correct location, glutamine can 
activate a water molecule which then, in turn, can nucleophilicly attack the y phosphate 
of GTP forming GDP. The binding of GAP is proposed to alter the conformation of 
glutamine enhancing its ability to initiate GTP hydrolysis since deletions or point 
mutations at glutamine inhibit GTPase activity and contribute to malignant 
transformation. Although mutations at glycine 12 also lead to diminished GTPase 
activity and are often found in human tumor cells, this residue is not likely to directiy 
participate in GTP hydrolysis. Rather, the side chains of amino acids substituted at this 
position are postulated to displace the water molecule implicated in attacking the y 
phosphate of GTP (Hall, 1990; Mc Cormick, 1989; Pai et al., 1990). 
Mutations in the putative effector binding region of p21 ras, G-2, prevent 
interaction with GAP suggesting that GAP may be the effector of p21 ras (McCormick, 
1989). A model in which GAP is both a downstream effector and a regulator of ras 
activity has been proposed (McCormick, 1989). Upon interaction of p21 ras-GTP with 
GAP, the complex may be placed at a specific site in the membrane where it further 
interacts with other membrane components. According to this view, rather than being 
the primary action of GAP, its effect on GTP hydrolysis simply provides a negative 
feedback that limits the ras signal. However, to date, there are no data to support or 
contradict this suggestion. It remains equally plausible that GAP simply regulates p21 
ras GTPase activity and is located upstream of p21ras in a signal transduction pathway. 
In either case alterations of the GAP protein are likely to have an impact on cell 
proliferation. With the recent discovery that several protein tyrosine kinases 
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phosphorylate GAP, it also has been suggested that ras activity could be regulated 
through GAP protein modifications (Downward et al., 1990). 
The biological function of ras genes in mammalian cells is poorly understood 
due to limitations of mammalian genetic manipulation. However, the effect of 
oncogenic mutations in ras or over-expression of normal ras strongly suggests they 
assist in proliferation and differentiation (Mc Cormick, 1989; Trahey and Mc Cormick, 
1987). Attempts to understand the mechanism of ras function have also been hampered 
by the inability to determine the function of the ras effector molecule. Ras stimulation 
indirectiy activates members of a family of phospholipid dependent, serine/threonine-
specific protein kinases known collectively as protein kinase C (PKC) (deFeo-Jones et 
al., 1985; Matsumoto et al., 1985; Shih, 1979). PKC in tum, plays a central role in the 
regulation of cellular functions by activating growth factors and other agonists, 
releasing hormones and controlling ion channels. A second result of ras activation is 
the stimulated expression of c-fos and c-jun. Fos and jun proteins form 
phosphorylated heterodimers that bind to AP-1 sites in a variety of gene promoters 
(Bohmann et al., 1987). Fos and jun therefore, are considered nuclear mediators that 
link short-term signals from the cell surface to long-term cellular responses by 
regulating the expression of genes that contain AP-1 sites. Without identifying the ras 
effector molecule, it will remain impossible to determine how closely related the 
physiological responses mentioned above are to the action of ras proteins. 
Ras genes in yeast 
Yeast contain two ras loci, RASl and RAS2 (Kataoka et al., 1984). Ras 
products of S. cerevisiae share several similarities with their mammalian counterparts. 
They bind GDP and GTP and have intrinsic GTPase activity (Diego et al., 1988). 
Their GTPase activity is altered by mutations equilivent to those in mammalian 
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counterparts and their products have been localized to the plasma membrane as a result 
of isoprenylation and fatty acid acylation. Genetic studies of RASl and RAS2 
demonstrate that neither of them is essential for viability. However, spores containing 
disruptions in both RASl and RAS2 fail to germinate (Kataoka et al., 1984). RASl 
and RAS2 regulate cell proliferation through activation of adenylate cyclase as shown 
by the finding that suppressor mutations that restore growth to ras" cells map in genes 
whose products are involved in producing cAMP or in activating cAMP dependent 
protein kinase (Marshall, 1991). Also adenylate cyclase was shown to be stimulated by 
the addition of purified RASl, RAS2 or Human-ras genes in the presence of guanine 
nucleotides to rasl'ras2'bcyl yeast cells (Broek et al., 1985). (The bcyl mutation 
which suppresses lethality resulting from loss of adenylate cyclase was needed to 
maintain viability in rasl', ras2' yeast cells). cAMP dependent protein kinases control 
progression through the cell cycle by a pleiotropic phosphorylation of proteins 
(Matsumoto et al., 1985). Although ras does not regulate adenylate cyclase in 
mammalian cells, mammalian ras genes can compliment the function of yeast ras 
implying a strong conservation of the biological properties between mammalian ras and 
yeast ras proteins (DeFeo-Jones et al., 1985). 
RASl and RAS2 genes do not have the same cellular function and are 
differentially expressed under a variety of conditions (Fasano et al., 1988). A 
combination of transcriptional and translational controls modulate the levels of both 
gene products depending on the carbon source (Fasano et al., 1988). Deletion of 
RAS2 results in hypersporulation of the cells leading to an overall starvation response. 
In contrast, the RASl product plays no role in hypersporulating and instead, is 
thought to indirectly regulate glucose-induced inositolphospholipid turnover. 
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Two dominant negative mutations in RAS2, RAS2 ala22 and RAS2 vall9, 
ala22, cause temperature sensitive loss of RAS function even if wild type RASl and 
RAS2 genes are expressed (Powers et al., 1989). The dominant negative mutants 
block wild type function of RAS proteins by the binding of their mutant products to the 
CDC25 gene product (Powers et al., 1989). CDC25 is an upstream regulator of ras 
protein function coding for a putative GDP-GTP exchange factor (GNRP) (Jones et al., 
1991). Upon depletion of CDC25 protein, RASl and RAS2 are not activated and 
therefore nonfunctional. Interestingly BUD5, a gene found to control bud site 
selection, suppresses the temperature sensitive defect induced by the dominant negative 
RAS2 ala22 mutant (Powers et al., 1991) if wild type copies of RASl, RAS2 and 
CDC25 are present. Sequence analysis of BUD5 indicates that it has structural 
similarities to the CDC25 gene product. BUDS, however, does not suppress the loss 
of CDC25 function. It is possible that overexpression of BUDS allows normal RAS-
CDC2S protein interaction by the binding of BUDS to the RAS2 ala22 protein, 
preventing its association with CDC25 proteins (Powers et al., 1991). 
Rho Genes 
The rho subfamilv 
A rho gene was first identified in the murine snail, Aplysia, in a screen for 
homologs of the mammalian peptide hormone, human chorionic gonadotropin (hCG) 
(Madaule and Axel, 1985). An open reading frame on a false positive clone isolated in 
the screen revealed several regions of homology with ras proteins. Sequence 
comparisons revealed Aplysia rho shares 35% homology with human ras, (Madaule 
and Axel, 1985) and the homology is limited to specific regions within the proteins. As 
described above, these regions of homology form a guanine nucleotide binding 
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domain. Using Aplysia rho as a low stringency hybridization probe several homologs 
were isolated from human, rat, and yeast cells. Sequence analysis revealed rho genes, 
like ras genes, are highly conserved through evolution (Madaule and Axel, 1985). 
Specific groups of rho genes from Aplysia, yeast and humans share more than 70% 
amino acid homology in 3 way comparisons (Madaule and Axel, 1985). 
Though rho genes are ubiquitously expressed in nature, their physiological 
function is yet unknown. Two lines of experimental evidence suggest that rho proteins 
play a critical role in maintaining the cytoskeletal network making up the cell. Firstly, 
activation of rho either by over-expression or Vall4 substitution causes swiss 3T3 cells 
to dramatically contract (Paterson et al., 1990), a phenotype distinctly found in rho-
activated cells (Chardin et al., 1989; Hava and Weinberg, 1989). Secondly, 
inactivation of rho results in distinct morphological changes; namely, cells round up 
and acdn filaments disappear. In this study, specific rho proteins were inactivated by in 
vivo injection of exo-enzyme C3, an ADP-ribosyl transferase secreted from 
Clostridium botulinum.. This exoenzyme transfers an ADP-ribosyl group from 
nicotinamide adenine diphosphate to aspargine 41 of human rhoH12 (Aktories et al., 
1988; Chardin et al., 1986; Chardin et al., 1989; Sekine et al., 1989) most likely 
rendering the rho protein unable to interact with its effector molecule (Habermann et al., 
1991). This transfer is specific for rhoH12 and its direct homologs and does not effect 
other member of the rho subfamily (McCaffrey et al., 1991) 
Rho ggngs in ygast 
A rho gene, RHOl was first identified in yeast by nucleotide sequence analysis 
of genomic DNA downstream of MRP2 (Madaule et al., 1987; Myers et al., 1987). A 
second yeast rho gene, RH02, was isolated by low stringency hybridization, as 
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described above. Although RHOl and RH02 share 53% homology, RHOl is required 
for cell viability, whereas RH02 protein is not essential (Madaule et al., 1987). 
Alignment of the products of RHOl, RH02, Aplysia rho and Human ras reveals that 
RHOl is 70% identical to Aplysia rho with one gap whereas RH02 is 57% 
homologous to Aplysia rho with two gaps (Madaule et al., 1987). RHOl and RH02 
proteins are 25-30% homologous to ras gene products, yet their identities are grouped 
into a highly conserved gaunine nucleotide binding domain sharing approximately 75% 
homology. 
Although the specific function of RHOl is yet unknown, studies indicate that it 
is involved in control of cell division (Johnson et al., 1991). Cells divide in 5. 
cerevisiae by forming buds, specialized appendages into which a complement of 
daughter chromosomes move during mitosis. At the surface of the mother cell where 
the daughter is about to form, a chitin ring is deposited and a 10 nm filamentous ring is 
formed that connects the mother cell to the daughter cell. As the bud emerges the yeast 
cell becomes highly polarized (Strathem et al., 1981). Actin cables are extended from 
the mother cell toward the site of bud emergence (Adams and Pringle, 1984) and new 
surface material is secreted almost exclusively at the bud site (Miyamoto et al., 1987). 
After nuclear division, the mother and daughter cells separate completing one round of 
duplication. 
Bud sites are not chosen randomly by yeast cells. MATa and MATa haploid 
cells form buds near the site of the previous division in an axial fashion. MATa/MATa 
cells on the other hand bud in a bipolar manner. The mother cell buds near the previous 
division and the daughter cell usually buds opposite to its birth pole. Bud formation is 
regulated within the cell cycle and must involve many proteins. 
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RHOl is one of many genes shown to play a role in bud formation in S. 
cerevisiae. Activation of RHOl either by overexpression or by substitution of histidine 
for glutamine at residue 68 leads to a block in cell division with continuation of DNA 
synthesis and the nuclear division cycle (Johnson et al., 1991). Moreover, inactivation 
of RHOl results in a lethal growth arrest of cells in the budded phase of the cell cycle 
and weak RHOl expression results in viable cells with extremely elongated buds 
(Johnson et al., 1991). These results indicate RHOl negatively controls bud formation. 
A second yeast rho gene, CDC42 is also known to affect bud formation. Inactivation 
of CDC42 results in the identical phenotype as over-expressing RHOl (Adams et al., 
1990; Johnson and Pringle, 1990). Thus RHOl and CDC42, coding for proteins 52% 
identical to each other, seemingly act as negative and positive regulators, respectively, 
in the budding process. Possibly both proteins interact with the same effector 
molecule, one inhibiting its function and the other acting as a stimulatory factor. 
Additional ^enes involved in budding 
Proteins with which the product of RHOl, termed Rholp, may interact can be 
identiHed by characterization of other genes required for normal bud formation. One 
such gene is CDC24, which codes for a putative Ca^+-binding protein (Field and 
Schekman, 1980; Sloat and Pringle, 1978; Sloat et al., 1981). The product of CDC24 
is required for restricting growth to the bud site. Mutants defective in CDC24 are 
unable to form buds and continue uniform growth over the entire cell surface and DNA 
synthesis. The normal coordination between the nuclear division cycle and the budding 
cycle is perturbed in these mutants. Thus the CDC24 product, like that of CDC42, is 
required for execution of the budding cycle. Another gene required for bud formation 
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is CDC^J.(Adams et al., 1990). The product of CDC43 is thought to geranyl-
geranylate the carboxy terminus of the CDC42 gene product and most likely Rholp . 
Additional genes affecting bud formation were identiHed based on their ability 
to suppress the temperature sensitive (Ts") lethality of cdc24 cells (Bender and Pringle 
1991a) when over-produced. CDC42 when overexpressed was found to suppress the 
cdc24 Ts- phenotype as well as three new genes, RSRl, MSBl and MSB2 (Bender 
and Pringle, 1991a). RSRl, (also known as BUDl), (Chant and Herskowitz, 1991) is 
a member of the ras subfamily of p21 ras related proteins, sharing about 60% identity 
with RASl and RAS2 over its first 120 amino acids. Although RSRl is not essential 
in yeast, disruptions of it lead to random budding patterns as opposed to the normal 
situation of specific bud location (Chant and Herskowitz, 1991). BUD2, BUD3 and 
BUD4 are other genes isolated in a screen of abnormal budding location. Mutations in 
RSRl or BUD2 lead to a random budding pattern on the yeast cell surface whereas 
mutations in BUD3 and BUD4 lead to bipolar budding pattern. A model for bud site 
selection suggests the existence of a default random budding pattern. RSRl and BUD2 
function in bipolar budding patterns while BUD 3 and BUD 4 assist I^R 1 wdBUD 2 in 
axial budding patterns (Chant and Herskowitz, 1991). BUDS, another nonessential 
gene, codes for a 538 amino acid protein and is also involved in bud site selection 
(Chant et al., 1991). BUDS resembles RSRl and BUD2 in that it is required for both 
axial and bipolar budding patterns. As mentioned above, BC/D 5 shares similarity to the 
CDC2S gene product, a putative GNRP for ras proteins that catalyzes GDP-GTP 
exchange (Powers et al., 1989). Based on sequence similarities and functional 
inferences BUDS is predicted to catalyze GDP-GTP exchange for the products of 
either RSRl and/or CDC42 since they are both ras-like proteins. Based on phenotypic 
similarity, Rholp could also be a target of BUDS. It has been suggested that RSRl in 
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its GTP-bound state recruits other proteins to the bud site (Chant and Herskowitz, 
1991). Upon hydrolysis of GTP to GDP, RSRl could leave the bud site and become 
reactivated by BUD5 (Chant et al., 1991). 
Two additional genes, MSBl and MSB2 (Bender and Pringle, 1991a) suppress 
the Ts" phenotype of cdc24 mutants. Overexpression of MSBl also suppresses a Ts" 
cdc42 mutation suggesting it acts downstream from CDC24 and CDC42 in the bud 
development pathway. The predicted amino acid sequence of MSBl does not resemble 
any other known proteins and its deletion from yeast causes no detectable phenotype 
(Bender and Pringle, 1991b). Additional genes have been identified however, which 
appear to interact with MSBl, namely BEMl and BEM2 (Bender and Pringle, 1991b). 
Mutations in both BEMl and BEM2 lead to large multinucleate cells that fail to form 
buds. Mutations in BEMl can be suppressed by overexpression of MSBl. However, 
mutations in both BEMl and MSBl in the same cell are lethal (Bender and Pringle, 
1991b). BEMl is thought to regulate bud emergence because of the phenotype 
produced in cells with mutations in both BEMl and BUD5 (Chant et al., 1991). 
Normally, mutations in BUDS have no effect on cell growth, but when combined with 
a specific mutation in BEMl, large unbudded cells with many nuclei are formed. 
Although BEMl is thought to be related to the CDC24 group of genes, it is 
nonessential. 
Although many genes have been implicated recentiy in controlling the process 
of budding, littie is precisely known about the budding process. An emerging theme 
implies there are two types of interacting gene products; those that determine where the 
bud will emerge, BUD 1-5, and those that direct growth to the bud site, CDC24 
CDC42,CDC43, MSBl,2 and BEM1JSEM2. A model has been suggested in which 
bud site selection proteins form a complex at a chosen budding site enabling recruitment 
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of proteins responsible for restricting growth to that site (Chant et al., 1991). The 
growth restricting proteins then may direct the assembly of the actin cytoskeleton. In 
turn, the actin cytoskeleton could allow polarized movement of secretory vesicles to the 
emerging bud (Chant and Herskowitz, 1991). 
In accordance with this model RHOl protein could be recruited to the bud site 
perhaps by fiC/D7-5 proteins. Once at the bud site, the products of/Î//07 and CZ3C42 
may act as molecular switches regulating the budding process. Although it is very 
early in the study of bud emergence, the process is clearly a highly regulated, ordered 
event in S. cerevisiae, involving at least three p21 ras related proteins, the products of 
RHOl, RSRl and CDC42. 
Transcription Termination 
A fundamental concept in our understanding of gene expression is the notion of 
the transcriptional unit. Two of the most crucial events in the production of a transcript 
are the initiation and termination of the transcriptional machinery at proper locations on 
chromosomes. Although the details involved in the binding of RNA polymerase to 
promoters of particular genes is well established, less is known about the processing 
events required to terminate transcription thereby completing the formation of the 
mature transcript. This dissertation focuses on the cis acting signals necessary for 
transcription termination and/ or RNA processing occurring at the 3' ends of RHOl and 
MRP2. 
In procaryotes two types of termination signals exist, rho factor dependent 
signals requiring a protein factor to assist in termination and rho factor independent 
signals. (Bacterial rho factors are not related to the rho proteins of eucaryotes). From 
sequence analysis of terminators in bacteria, distinct features have been found within 
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both types of terminators. Rho independent terminators possess a dyad symmetry 15-
20 nucleotides before the end of the RNA and a run of about six As in the template 
strand of DNA at the exact end of the RNA transcript The dyad symmetry allows the 
RNA transcript to form a hairpin loop on itself leaving only a polyuridine sequence 
annealed to the template DNA. Since RNA:DNA hybrids consisting of polyribouridine 
and polydeoxyadenosine are very unstable, the RNA transcript simply falls off the 
DNA template and transcription is stopped. Rho dependent terminators on the other 
hand, lack the polyadenine stretch at the very end of the DNA template. They also do 
not have a well defined sequence of dyad symmetry in the region where termination 
takes place. However, they require a rho factor which somehow substitutes for these 
sequence features. It is thought that RNA polymerase recognizes the iho dependent 
terminator sequence and pauses thereby allowing rho factor to attach and dissociate the 
transcript from the template in a process requiring ATP (Watson et al., 1987). 
Transcription termination in eucaryotes is seemingly much more complicated 
than in procaryotes. From genetic and biochemical experimentation it has been 
established that transcription by RNA polymerase 11 proceeds hundreds to thousands of 
base pairs downstream from the actual 3' end of the message (Proudfoot and 
Brownlee, 1976). The mature transcript is then formed by an endonucleolytic cleavage 
at the proper 3' end. An interesting feature of most eucaryotic mRNA molecules is that 
they contain relatively long stretches of polyadenine residues at their mature 3' ends. 
Polyadenine tails (Poly A tails) are not coded for within the genome of eucaryotes, but 
instead, are added to the nascent transcripts after tiiey are released from the template 
DNA. The enzyme. Poly A polymerase, specifically recognizes messenger RNA and 
adds a poly A tail on to sites generated in the endonucleolytic cleavage reaction 
(Proudfoot and Brownlee, 1976). The poly A tail confers stability to the message and 
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is thought to play some role in translation. Interestingly, however, histone mRNAs in 
higher eucaryotes lack the poly A tail as do a few other mRNAs. 
Mammalian poly A signals are well defined. They contain two cis acting 
elements, (Proudfoot and Brownlee, 1976) the AAUAAA sequence 20-30 nucleotides 
before the 3' end of the mature mRNA and a diffuse GU rich region with the sequence 
YGTGTTYY (Mc Lauchlan et al., 1985) located downstream from the mature 3' end. 
Deletion of the hexanucleotide or mutations within it prevent normal 3' end formation 
and polyadenylation (Montell et al., 1983; Wickens and Stephenson, 1984). Two 
human thalassemias are caused by a mutation in this signal: ^-thalassemia (Orkin et al., 
1985) has the sequence AACAAA and a-thalassemia (Higgs et al., 1983) has the 
sequence AATAAC. Even though mutations in the hexanucleotide prevent normal 3' 
end formation, the element alone is not sufHcient to direct termination. Mutational 
analysis of the downstream GU rich element indicates that it also is required for 
formation of mature 3' ends (Gil and Proudfoot, 1984; Hart et al., 1985). The GU rich 
element is thought to conRrm cleavage at the AAUAAA site since this conserved 
hexanucleotide sequence does not necessarily signal 3' end processing and in fact is 
found randomly in many transcripts. 
In contrast to higher eucaryotes, little is actually known about transcriptional 
termination in yeast. Although all mRNA form S. cerevisiae contains poly A tails, the 
AAUAAA signal, if present, generally is not functional. Instead, several diffuse AU 
rich elements are thought to direct 3' end processing. 
The first poly A signals to be characterized in yeast were found within the 
CYCl gene (Zaret and Sherman, 1982). CYCl codes for iso-1 cytochrome c which 
accounts for about 95% of the total amount of cytochrome c in aerobically grown yeast. 
A mutant of CYCl, cycl-512, frequently arises spontaneously and produces 5 to 10% 
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of the normal amount of iso-1 cytochrome c. cycl-512 contains a 38 base pair deletion 
130 base pairs beyond the translation termination codon just before the normal site of 
poly A addition. The 38 basepair element is located between two 7 base pair direct 
repeats which may be responsible for the high rate of spontaneous deletion. The 
mutant cycl-512 produces low amounts of several discretely sized mRNAs much 
longer than the wild type CYCl mRNA yet possessing poly A tails (Zaret and 
Sherman, 1982). The mRNAs are probably translated normally since a small amount 
of cytochrome c is produced in this strain. Interestingly, the 38 base pair deletion also 
affects the transcription of another gene UTRl (unidentified transcript). UTRl is 
transcribed convergently with CYCl and the deletion causes run on transcription in 
both directions indicating that there are two termination elements located within the 38 
base pair deletion. The transcription of UTRl and its termination elements will be 
discussed later. 
Zaret and Sherman suggested (1982) transcription termination is defective in 
cycl-512 because the sequence motif TAG..TATGT...TTr which is encompassed in 
the 38 base pair deletion and frequently found near the termination sites of other yeast 
genes, is missing. 
Further studies of CYCl transcription termination indicated the 38 base pair 
region of DNA spontaneously deleted in cycl-512 is necessary not only for 
transcription termination but also for mRNA cleavage and polyadenylation (Russo and 
Sherman, 1989). Firstly, Russo and Sherman demonstrated transcription of CYCl 
terminates less than 100 nucleotides downstream from the wild type poly A site. The 
cycl-512 mutant, however, has long CYCl transcripts extending as far as 2000 
nucleotides downstream from the wild type polyadenylation site. Secondly, an in vitro 
transcription assay performed by Butler and Piatt (1988) indicated that the sequence 
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contained within the 38 base pair deletion is required for cleavage of extended CYCl 
transcripts. They showed wild type CYCI transcripts are cleaved independently of 
transcription termination whereas transcripts of CYCl from cycl-512 mutants can not 
be cleaved 
Another approach used by Sherman and Russo in studying the sequences 
necessary for proper 3' end formation was the analysis of natural intergenic revertants 
of cycl-512 (1991). Spontaneous revertants of cycl-512 containing simple nucleotide 
changes at or near the CYCl locus produced normal levels of iso-1 cyctochrome c and 
CYCl mRNA as opposed to the low levels produced by the parent strain. Sequence 
analysis indicated that there are two types of revertants; those with nucleotide changes 
upstream of the cycl-512 38 base pair deletion and those with nucleotide changes 
downstream from the 38 base pair deletion. The nucleotide changes formed a few 
different sequences motifs; TAG...TATGTA, TTTTTATA and TATATA. The first 
motif is the tripartite element identified originally by Zaret and Sherman (1982) as being 
necessary for 3' end formation in wild type CYCl. In the revertants however, the third 
element TTT was not present indicating that it was not necessary although frequentiy 
found in wild type sequences. In many cases, a cytosine was changed in cycl-512 to 
an adenine in the sequence TAGTTTATGTC thus forming TAGTTATGTA. 
Remarkably, a single nucleotide change fi-om a cytosine to an adenosine caused 
transcription termination. The remaining elements identified,TATATA, and 
TTTTTATAT, were created by multiple nucleotide substitutions. These elements have 
previously been implicated in 3' end processing in yeast genes and will be discussed in 
detail later. 
Russo and Sherman (1989) suggest the motifs mentioned above work in 
concert with other sequence elements located at or near the site of polyadenylation to 
23 
generate 3' m RNA termini. They suggest the need for two elements because different 
discrete 3' termini were generated depending on the position of the signals formed in 
the revertants. Revertants forming signals upstream from the wild type poly A site 
enhanced termination at specific wild type sites whereas revertants with newly formed 
signals downstream from the wild type poly A site enhanced termination at discrete 
sites further downstream. The cycl-512 strain formed transcripts ending at all 
polyadenylation sites chosen by the revertants but at a lower frequency. Therefore, the 
newly formed signal generally dictated the location of transcription termination while 
pre-defined polyadenylation sites determined the specific location of the stop. 
A second motif formed in the revertants, TTTTTATA, has previously been 
identified (Henikoff and Cohen, 1983) on a segment of Drosophila DNA that 
complements an ADE8 mutation in 5. cerevisiae. Examination of transcription in cells 
carrying various deletion plasmids of this gene implicated the TTTTTATA sequence in 
signalling transcription termination. The analysis also indicated that the highly 
conserved hexanucleotide AAUAAA can be deleted without affecting transcription 
termination in yeast (Henikoff and Cohen, 1983). The TTTTTATA element is repeated 
once within the ADE8 gene 25 nucleotides further downstream. It is thought that the 
repeat is a fail safe way to insure transcriptional termination. The Henikoff element is 
present twice in MRP2 with one element positioned one nucleotide beyond the 
translational termination codon and the second element located 63 nucleotides 
downstream from the translation stop codon. Both CYCl and UTRl also have 
Henikoff elements located upstream from their poly A sites (Osborne and Guarente, 
1989). Linker scanning substitutions of either of these elements had only partial effects 
of abolishing termination of either transcript. If however, the entire 38 base pair region 
was deleted there was improper termination of both transcripts (Osborne and Guarente, 
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1989). Therefore, the Henikoff sequence is essential in some genes yet not sufficient 
and probably works in concert with other elements located at or near the actual 
polyadenylation site 
A final element formed by several nucleotide substitutions in the cycl-512 
revenants is an alternating pynmidine-adenine pattern, TATATA. When placed in two 
different locations in cycl-512, the TATATA element caused termination at two 
different polyadenylation sites depending on which site was nearest (Russo and 
Sherman, 1991). Abe et al. (1990) have also identified an alternating T-A element as a 
signal required for termination of GAL7 transcription. The alternating T-A element is 
located within a 26 base pair sequence found to be essential for termination. The 26 
base pair sequence functioned normally only in the right orientation. Furthermore, an 
essential auxiliary signal was found in the region surrounding the polyadenylation 
signal. The 26 base pair sequence, 5'ATA TAT ATA TAT AAT AAT TGA CAT 
CATS' is termed the core signal and is defined as the main signal necessary for 3' 
mRNA end formation. It is located 4-5 nucleotides upstream from the precise site of 
polyadenylation encoding the end signal. The MRP 2 terminator also contains an 
alternating A-T stretch about 40 nucleotides upstream from a polyadenylation site and 
termination does not occur when it is deleted. The involvement of this sequence in 3' 
end formation of MRP2 mRNA is investigated in Section HI. 
In summary, three putative termination signals in yeast have been identified to 
date. Henikoff and Cohen (1983) identified the octanucleotide TTTTTATA in a 
Drosophila melanogaster gene expressed in S. cerevisiae. Zaret and Sherman (1982) 
found that the tripartite element TAG...TA(T)GT...( ri'l ) was necessary for formation 
of CYCl mRNA and Abe et al. (1990) demonstrated the importance of an alternating T-
A element in the GAL7 gene. At least one of these sequence motifs has been found near 
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the polyadenylation site of many yeast genes. The CYCl end region surprisingly 
carries two of these sequence elements. While either of them can be deleted without 
seriously affecting 3' end formation, simultaneous deletion of both elements drastically 
decreases CYCl mRNA levels. In investigating yeast polyadenylation sites from six 
different genes, it has been concluded there are two different classes of polyadenylation 
sites (i) strong unidirectional and (ii) less efficient bidirectional (Imiger et al., 1991). 
All strong poly A sites contain the sequence TTTTTAT and all bidirectional elements 
contain the tripartite sequence TAG...TA(T)GT...TTT. These elements are essential 
yet not sufficient for directing 3' end formation. The absence of a unique processing 
element in S.cerevisiae suggests that there is no single mechanism for 3' end formation 
yet all transcripts produced are somehow terminated and polyadenylated. Perhaps yeast 
need several means for stopping transcription because their genome is densely 
organized and run on transcription would cause inexpression of a neighboring gene. 
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EXPLANATION OF DISSERTATION FORMAT 
This dissertation is written in the alternate format and therefore each section is a 
paper suitable for publication in Molecular and Cellular Biology. Figures are placed 
within the results section of each paper shortly after they are mentioned in accordance 
with the format in Molecular and Cellular Biology. Each section reflects solely my 
work with guidance from Alan Myers. A general conclusions section is provided after 
Section IV. References cited within the Introduction and the General Conclusions 
follow the General Conclusions. 
This dissertation addresses several issues regarding transcription of the RHOl 
gene including production of the RHOl transcript through the cell cycle, the physical 
location of the RHOl transcript with regard to the RHOl gene, the necessity of a 
convergent overlap shared by the transcripts of RHOl and MRP2 and finally, the DNA 
elements involved in terminating RHOl transcription. 
In Section I Hit RHOl transcript is shown to be constitutively produced 
throughout the cell cycle. The transcript of RHOl is shown to possess very long 5' and 
3' nontranslated regions. Precise endpoints for the RHOl transcript are given and an 
overlap of approximately 100 nt with the MRP2 transcript is demonstrated. 
Section II addresses the functional significance of the transcript overlap shared 
by RHOl and MRP 2. Truncated versions of both genes are shown to produce 
functional proteins. Elimination of the overlap by insertion of HIS3 (Donahue, 1982) 
or URA3 (Rose, 1983) between RHOl and MRP2 has no affect on proper transcript 
termination of either gene. 
In Section III, terminator elements involved in RHOl and MRP2 transcription 
are examined. Insertions of RHOl and MRP2 fragments in the URA3 gene (Rose, 
1983) demonstrate the ability of RHOl and MRP2 terminators to function independently 
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of their respective genes. Mutagenesis of the terminator elements lend insight into the 
terminator elements' function. 
Section IV addresses the similarity hetv/cenRHOl and human rhoH12 and 
demonstrates that rhoH12 can not substitute îoxRHOl in yeast even when mutated to 
more closely resemble RHOl. 
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SECTION I. PHYSICAL CHARACTERIZATION OF THE RHOl 
AND MRP2 TRANSCRIPTS 
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ABSTRACT 
RHOl is a member of the ras superfamily of genes coding for small molecular weight 
guanine nucleotide binding proteins. Recently, RHOl has been implicated in 
negatively controlling bud formation. RHOl is located on chromosome XIII adjacent 
to MRP2, a gene coding for a mitochondrial ribosomal protein, such that their 3' ends 
are separated by only 281 nucleotides. This study physically characterizes the RHOl 
and MRP2 transcripts and showsis transcribed constitutively throughout the cell 
cycle. RHOl mRNA possesses extensive nontranslated regions at both the 5' and 3' 
ends, unlike typical yeast transcripts. Furthermore, the polyadenylation sites of RHOl 
transcripts are distributed over a very wide region, at least 158 nucleotides. MRP2 
transcripts on the other hand, possess more typical nontranslated regions terminating 
within 52 nucleotides. Finally, nucleotide sequence analysis of cDNA clones showed 
the transcribed regions of RHOl and MRP2 overlap by at least 111 nucleotides. 
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INTRODUCTION 
Rho genes code for a family of guanine nucleotide binding proteins with 
approximately 30% amino acid homology to ras proteins. Like ras genes, rho genes 
are ubiquitously expressed and extremely conserved throughout evolution (Madaule 
and Axel 1985). The rho genes of yeast, molluscs and humans share more that 70% 
amino acid homology. Sequence comparisons of rho and ras genes reveal highly 
conserved regions implicated in OTP binding and hydrolysis (Pai et al., 1990) as well 
as regions of complete sequence divergence (Bourne et al., 1991; Madaule and Axel, 
1985). Though ras proteins in yeast are known to be involved in the regulation of cell 
proliferation through the activation of adenylate cyclase (Barbacid, 1987), the precise 
biochemical function of rho proteins is unknown. They are implicated however, in 
controlling cell morphology. Inactivation of mammalian rho proteins by ADP-
riWsylation with exoenzyme C3 (Chardin et al., 1989) caused a disappearance of actin 
filaments resulting in a rounded up cell morphology, and microinjection of rho proteins 
into mammalian cells caused a polymerization of actin cables leading to contraction of 
the cell (Paterson et al., 1990). 
In Saccharomyces cerevisiae, two rho genes, RHOl and CDC42 have been 
implicated in controlling bud emergence (Johnson et al., 1991; Johnson and Pringle, 
1990). RHOl is an essential gene whose product is thought to negatively control bud 
formation (Johnson et al., 1991). Activation of RHOl either by over-expression or a 
specific point mutation caused a block in cell division without affecting DNA synthesis. 
Underproduction of RHOl resulted in a lethal growth arrest of cells with well 
developed long buds and a DNA content typical of S phase. Inactivation of a gene 52% 
identical to RHOl, namely CDC42, resulted in the identical phenotype as over-
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expressing RHOl (Johnson and Pringle, 1990) suggesting the two rho genes serve as 
opposing molecular switches controlling bud formation. 
RHOl is located on chromosome XIII adjacent to MRP2, which codes for a 
mitochondrial ribosomal protein. Nucleotide sequence analysis of yeast genomic DNA 
demonstrated RHOl and MRP2 are transcribed convergently and the 3' ends of the two 
coding sequences are separated by 281 base pairs (Madaule et al. 1987; Myers et al. 
1987). Although specific examples of convergently and divergently transcribed genes 
can be found in 5. cerevisiae, the significance of such gene spacing is unknown (Ohme 
et al., 1990; Miyajima et al. 1989). 
The present study examines RHOl on a transcriptional level and demonstrates 
the transcript is constitutively present throughout the cell cycle, even though its product 
is implicated in cell cycle control. Secondly, physical analysis of the RHOl transcript 
demonstrates it possesses extensive nontranslated regions with very jagged termini. 
The RHOl 5' leader is approximately 190 nt in length and the 3' terminus extends more 
than 200 nt beyond its coding domain. Finally, this report demonstrates the 3' termini 
of RHOl and MRP2 transcripts overlap by a minimum of 108 nucleotides. 
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MATERIALS AND METHODS 
Strains and Media 
All analyses in this study used yeast strain W303-11A (MATa, trpl, his3, ade2 
leu2, ura3). Yeast cells were grown in YPD medium containing 1% yeast extract, 2% 
glucose and 2% peptone. Escherichia coli strain TG-1 (Amersham Corp., Arlington 
Hts., IL), used for all plasmid amplification, was grown in LB medium (Maniatis et 
al., 1989) supplemented with ampicillin at 40 |Xg/ml as required. Solid media for yeast 
contained 2% agar and that for E. coli contained 1.5% agar. 
DNA Manipulations 
All DNA manipulations were carried out according to standard procedures, 
(Maniatis et al., 1989; Ausubel et al, 1989). Plasmids used in this study are described 
in Table 1, with the exception of plasmid pREL+27. This plasmid contains a 1354 
nucleotide (nt) fîcoRI fragment in vector pUC118, which comprises nt 27 to nt 418 
(see Figure 2). This plasmid was constructed by an exonucleolytic digestion of RHOl 
and subsequent insertion of an EcoRl linker oligonucleotide at nt +27 relative to the 
ATG initiation codon, (J. Johnson and A. Myers, unpublished). 
Cell Cycle Synchronization 
W303-11A cells grown in YPD to a density of 2.0 X 10 ^  cells/ml were treated 
with 5 p.g/ml a-mating factor (Sigma Chemical Co., St. Louis, MO) for 2 hours 
(Hartwell, 1973). a-factor prevented initiation of the cell division cycle causing arrest 
as unbudded cells displaying the so called "schmoo" morphology typical of mating-
competent cells. The block induced by a-mating factor was monitored at 20 minute 
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Table 1. Plasmids 
Name Insert nt position^ Source Vector 
pJP250 1404 bp//men -982-422 pG89/ST32 pUC118 
pAM25 1569 bp EcoRI -188-1382 pUC119 
pRP 440 bp EcoRI - HincVL 27-422 pREL +273 pUC118 
pMP 332bpBg/II-£coRI 1050-1382 pG89/ST32 pUC119 
pACTl 700 bp £coRI - Hind III Ref. 4 pGEM45 
1 Nucleotide numbers correspond to Figure 2. 
2 Myers and Crivellone (1987). 
3 J. Johnson and A. Myers (unpublished). 
4 Gallwitz and Seidel (1980) 
5 Promega Corp. Madison, WI 
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intervals by counting percent budded cells. After more than 99% of the cells were 
arrested at this specific point in the cell cycle, they were released from the a-factor 
block by filtering through a nylon membrane. The cells on the membrane were rinsed 
three times with warm YPD and were transferred to fresh warm YPD and grown at 
30®C. Following removal of a- mating factor, RNA was isolated from 10 ml aliquots 
every 10 minutes and progression of the population through the cell cycle was 
monitored by counting percent budded cells. 
RNA Isolation 
Total yeast RNA was extracted from cells grown to early log phase by 
vortexing in the presence of glass beads and denaturing agents, according to published 
procedure (Ausubel et al., 1989). Polyadenylated RNA, (Poly A+ RNA), was 
isolated by affinity chromatography using a poly Uridine Sepharose column, 
(Pharamacia LKB Biotechnology, Piscataway,WI) Total RNA in column buffer, (0.5 
M NaCl, 20mM Tris.HCl pH 7.5, 1 mM EDTA) was applied to the column at 4®C. 
After rinsing the column with approximately three column volumes of column buffer, 
polyadenylated RNA was eluted with water and concentrated by ethanol precipitation. 
Northern Hybridization Analysis 
Northern analysis was carried out essentially according to Current Protocols in 
Molecular Biology (Ausubel et al., 1989). Approximately 1-5 ng of total RNA were 
denatured in formaldehyde and formamide for 5 minutes at 55®C. An RNA ladder 
purchased from (Gibco BRL INC., Gaithersburg, MD) was also denatured and used 
as a size standard. After addition of formaldehyde loading buffer to the sample, 
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aliquots were loaded onto a 1% agarose gel containing IX MOPS buffer and 15% 
formaldehyde. The gel was not completely submerged in IX MOPS running buffer to 
avoid dilution of the formaldehyde. Instead, the wells were filled with running buffer 
prior to loading the samples and were periodically refilled throughout the 
electrophoresis process. The RNA ladder and samples were run in duplicate on one 
gel. Following electrophoresis one set of lanes was soaked in one liter of distilled 
water overnight, stained one hour in 1.5 p,g/ml ethidium bromide in water, destained in 
water one hour, and photographed. The second duplicate set of gel lanes was soaked 
for 45 minutes in lOX SSC and transferred to nitrocellulose filters by capillary blotting 
overnight. The filters were then baked at 80®C for two hours and soaked in 
prehybridization solution overnight at 45®C. Prehybridization solution was removed 
from the blots and hybridization solution was added along with Northern hybridization 
probes described below. The filters were hybridized overnight at 45®C, washed as 
suggested (Ausubel et al., 1989), and exposed to X-Ray film at -70® C. The length of 
each transcript was estimated by its mobility using a plot of the nucleotide length of 
RNA size standards versus their mobility on the formaldehyde agarose gel. 
Double Stranded DNA Hybridization Probes 
Linear, double stranded DNA probes EE148, EC651 and CB633 were purified 
from plasmid pG89/ST3by digestion with EcoRI, EcoRI and Hindi and Hindi and 
Bg/II, respectively. Probe BE332 was obtained fi-om plasmid pMP (Table 1) by 
digestion with EcoKl and ///«dlll. Probe EC440 was obtained from plasmid pRP 
(Table 1) by digestion with EcoRI and fia/nHI. The actin probe, D7(X), was obtained 
by digestion of plasmid pACTl (Table 1) with EcoRI and //j/idin. Double stranded 
DNA probes were synthesized with random sequence hexanucleotides used to prime 
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DNA synthesis in the presence of a 32p.(jCTP (NEN Research Products, Boston, 
MA) on denatured template DNA using a commercially available kit (Boehringer 
Mannheim Biochemicals, Indianapolis IN), according to the method of Feinberg and 
Vogelstein (1983). 
Nucleotide Sequence Analysis 
Single stranded DNA was prepared as described (Viera et al., 1987) from 
pUC118 and pUCl 19 based phagemids. Nucleotide sequence analysis was carried out 
using the chain termination method (Sanger et al., 1977) with the Sequenase version 
2.0 reagent kit (United States Biochemical Corp., Cleveland, OH). Internal 
oligonucleotides JPll and JP12 (Table 2) were synthesized at the ISU Nucleic Acid 
Facility. 
SI Nuclease Protection Assays 
SI Nuclease protection assays originally described by Berk and Sharp (1977) 
were carried out according to Current Protocols in Molecular Biology (Ausubel et al., 
1989). The 5' endlabeled probe complimentary to RHOl mRNA SIR1049, (see Figure 
3) was synthesized from the oligonucleotide SP103 comprising nt 62 to nt 49 of the 
RHOl noncoding strand (all oligonucleotides used in this study are described in Table 
2). SP103 was endlabeled using Y-32p.ATP (NEN Research Products) and 
polynucleotide kinase, annealed to single stranded DNA coding for RHOl (part of 
single stranded phagemid pJP250; Table 1), and extended into the 5' noncoding region 
of RHOl using DNA Polymerase I Klenow fragment (Pol IK). Following digestion 
with Bam HI (a Bam HI restriction site is located in the multiple cloning site upstream 
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Table 2. Synthetic Oligonucleotides 
Name Sequence (5' to 3') Position 1 Strand^ 
JPll GGGTTGTTCCAAA -119--131 B 
JP12 GGCAGATCAAACAA -612--599 A 
JP26 CCAGGGTTTATCAATGCTCG 1220-1201 B 
JP27 GACCATTGTCATACCCAGAC 224-243 A 
JP29 CrrCTTAGCi'l'lACCATTCG 575-559 B 
JP30 CATTCGTAGTATCCGGTTGC 491-472 B 
SP103 CAGGCACCATCACC 62-49 B 
p323 GCGTCGACTCrAGAGAATrC(T)17 -
p324 GCGTCGACTCTAGAGAATTC ---- -
^ Nucleotide numbers correspond to Figure 2. 
2 "A" indicates oligonucleotides from the RHOl coding strand, and "B" marks those 
from the RHOl non-coding strand. 
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of RHOl in plasmid pJP250), the 1049 nucleotide probe was purified by preparative 
agarose gel electrophoresis, denatured, and annealed to total cellular RNA, After 
incubating the annealing reaction at 65®C for 10 min it was slowly cooled to room 
temperature over 30 min. The remaining reactions were carried out as recommended 
(Ausubel et al., 1989). Controls included a blank reaction with no RNA or with no SI 
nuclease. 
The endlabeled SI probe complimentary to MRP2 mRNA, S1M192, was 
synthesized with the oligonucleotide JPl 17 (Table 2) comprising nt 1190 to nt 1205 of 
the RHOl coding strand (see Figure 3). End labeled JPl 17 was extended after 
annealing to single stranded coding for MRP2 (part of single stranded phagemid 
pAM25; Table 1),. The probe was then digested with EcoRI yielding a 5' endlabeled 
fragment of 192 nucleotides. 
The sequencing ladders used in each case were synthesized from the single 
stranded DNA templates and the oligonucleotide used to make the SI probe, by 
standard chain termination sequence reactions. 
Southern Hybridization Analysis 
Southern analysis was carried out as described (Southern et al., 1975) except 
for a few modifications. DNA was electrophoresed on a 1% agarose gel containing 0.5 
^ig/ml ethidium bromide. The gel was blotted to nylon filter purchased from Micron 
Separations Inc.(Westboro, MA). The hybridization solution consisted of 6X SSC, 
1% Sodium lauiyl sarcosinate and 50 |ig/ml salmon sperm DNA (Sigma Chemical Co., 
St. Louis, MO). The gel was photographed, denatured, neutralized and then exposed 
to radiolabeled DNA overnight at 65®C. The blot was washed 2 times in 2X SSC, 
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0.1% SDS at 650C, once in 2X SSC, 0.1% SDS at 65^0 and once in O.IX SSC, 0.1% 
SDS at room temperature and exposed to X Ray film at -70® C. 
Amplification of cDNA Ends by PGR 
5' ends 
Rapid amplification of cDNA ends (RACE) was accomplished using the 
polymerase chain reaction (PGR) as described by Frohman et al. (1988), with several 
modifications. To synthesize the 5' end of RHOl cDNA the oligonucleotide JP29, 
Table 2, was used as a primer for reverse transcriptase. Polyadenylated yeast RNA 
(5^g in 12.57 |il) was incubated at 65°G for four min, then cooled quickly by placing 
the tube containing the sample in an ice water bath. The following solutions were 
added to the mRNA while keeping the mixture at 0®G: 1) Reverse transcriptase cocktail 
(2^1) (500 mM Tris-HGl pH 8.15 [calibrated at 410G], 60 mM MgCl2,400 mM KGl, 
10 mM dithiothreitol, dATP, dTTP, dGTP, dGTP at 10 mM each), 2) RNasin 
ribonuclease inhibitor (0.25|il) (Promega Gorp., Madison,WI), 3) Oligonucleotide 
JP29 (Ipl aqueous solution containing 10 pmoles, 4) AMV reverse transcriptase (10 
units) (Gibco BRL). The reaction was incubated at 42®G for 60 min and then at 52^C 
for 30 min. The mixture was then diluted with 2 ml sterile water and spun at 2500 rpm 
in a Gentricon 100 spin filter (Amicon Gorp., Beverly, MA) for 20 min to remove 
excess oligonucleotides. Sterile water (2ml) was again added and the mixture was spun 
at 2500 rpm for an additional 20 min. The retained liquid containing RHOl cDNA was 
collected by inverting the filter unit and spinning for 2 min at 1000 rpm. The cDNA 
solution was then concentrated to 10 |xl using the Speedvac apparatus. 
Polydeoxyadenosine tails were added to the 5' end of the RHOl cDNA using 
terminal deoxynucleotidyl transferase (Gibco BRL). To the cDNA solution was added 
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4 |il of 5X tailing buffer (supplied with the enzyme), 4|il of ImM dATP, and 10 units 
of enzyme. The mixture was incubated at 37®C for 25 min and then at 65®C for 5 min. 
The tailed cDNA solution was diluted to 100 ^.1 with TE buffer (10 mM (Tris-HCl pH 
8.0,0.1 mM EDTA). 
The 5' end of RHOl cDNA was then amplified using PGR. 5 p.1 of the tailed 
cDNA solution was mixed with the following solutions in a 0.5 ml polyproplylene 
centrifuge tube. 1) lOX PGR reaction buffer (5|il) (670 mM Tris-HGl pH 8.8, 1.7 
mg/ml BSA [Sigma Ghemical Co.], 166 mM ammonium sulfate), 2) Dimethylsulfoxide 
(5^il), 3) MgCl2 (2.5 ^il of 100 mM solution), 4) dATP, dGTP, dTTP, dCTP (7.5 ^il 
each of 2.5 mM solutions), 5) oligonucleotide JP30 (25 pmoles). Table 2, 6) 
oligonucleotide p323, (lOpmoles), Table 2, 7) oligonucleotide p324, (25 pmoles). 
Table 2,8) sterile water to a total volume of 49.5 |il. Oligonucleotide JP30 is described 
in Table 2. Oligonucleotide p323 is expected to anneal to the polydeoxyadenosine tail 
of the cDNA molecules during the first cycle of PGR amplification. Oligonucleotide 
p324 is expected to anneal to the 5' end sequence provided by p323, during subsequent 
rounds of PGR amplification. The reaction mixture was incubated at 1(X)®C 5 min, and 
then allowed to cool to 72°G while standing at room temperature. Taq DNA 
polymerase (2.5 units) (Perkin Elmer Getus Corp., Norwalk, GT) was added, after 
which 30 III hot mineral oil was overlaid on top of the reaction mixture. The mixture 
was incubated at 72®G for 40 min, then subjected to 40 cycles of PGR amplification (1 
min at 95°G, 2 min at 55®G, 3 min at Finally, the reaction was incubated at 
72®G for 15 min, then allowed to cool to room temperature. 
To clone the 5' amplification products 30 |il of the reaction was boiled for 5 to 
10 min and then was allowed to cool to room temperature for one hour. Restriction 
enzyme digestion was carried out in a 100 p,l reaction by adding 1(X) Units HaeïLl (a 
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HaelYL restriction site is located at nucleotide 97 in RHOl ) and 100 Units Xbdi (a Xbal 
restriction is located in amplification primer p324). The mixture was incubated at 37°C 
for 3 hours, phenol extracted, ether washed and precipitated with an equal volume of 4 
M ammonium acetate and 2 volumes of isopropanol. After incubating at room 
temperature for 15 minutes the solution was spun for 15 minutes at full speed in a 
microcentrifuge. The pellet was washed with 70% isopropanol and dried. The pellet 
was resuspended in 6 |il of water, ligated into pUC 118 digested with Xbal and 
Hind I. The following day the ligation mixture was transformed into E. coli strain 
TG-1 and transformants were screened for RHOl sequences by colony hybridization with 
probe EE1569, Figure 3. 
3' ends 
Amplification of 3' ends was performed basically in the same way as 5' end 
amplification. In this instance, however, the reverse transcriptase primer was p323, 
expected to anneal to the poly A tails of mRNA. After the reverse transcriptase reaction 
the sample was diluted to 300 |i.l with TE. 5|il of the cDNA pool was used for PGR 
amplification. PGR amplification of RHOl mRNA 3' ends used 25 pmoles of p324 
and 25 pmoles of oligonucleotide JP27 (Table 2). 30 |il of the PGR amplification 
mixture was digested with 150 units of EcoRl (recognition site located in p324) and 
150 units of HincU (recognition site at nt 654), and the liberated 3' end fragment was 
cloned as described above. PGR amplification of MRP2 mRNA 3' ends used 25 
pmoles of p324 and 25 pmoles of oligonucleotide JP26, Table 2. PGR amplified DNA 
was digested with 200 units of EcoRI and 200 units of Bgl II (recognition site at nt 
1047) to liberate the MRP2 3' end fragment. 
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Phage XgtlO Library Screening 
A XgtlO yeast cDNA library was purchased from Clontech Laboratories, Inc. 
(Palo Alto, CA) and screened by hybridization with RHOl probe EE1569 for phage 
bearing RHOl cDNA. After purification the desired phage were amplified, DNA was 
extracted, and digested with EcoRI to release the RHOl cDNA and tested by Southern 
hybridization analysis using RHOl probe EE1569 (Figure 3) The RHOl cDNA was 
then inserted into pUC 118 and sequenced. The 3' ends were determined by locating a 
run of thymidine residues corresponding to the poly A tail from the RHOl transcript. 
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RESULTS 
Nucleotide Sequence Analysis of the 5' Flanking Region of RHOl 
The DNA sequence from 190 nucleotides upstream of the RHOl initiation 
codon to 122 nucleotides upstream of MRP2 initiation codon was determined 
previously (Madaule et al., 1987; Myers et al., 1987). In this study an additional 790 
basepairs of nucleotide sequence upstream of RHOl was determined. The restriction 
map of the entire RH01IMRP2 region and the sequencing strategy used to analyze the 
5' flanking region are shown in Figure 1. The complete sequence of the RH01IMRP2 
region is shown in Figure 2. Nucleotide numbers throughout this thesis will refer to 
Figure 2 with nt 1 as the A residue of the RHOl initiation codon 
Analysis of the RHOl and MRP2 Transcripts by Northern Hybridization 
Northern analysis was used to determine the size of the RHOl and MRPl 
transcripts. The probe fragments used to detect RHOl and MRP2 are termed EC440 
and BE332, respectively (Figure 3) Probe EC440 detected a broad RHOl transcript 
band corresponding to approximately 1050 nucleotides (Figure 4), and probe BE332 
detected a sharper band of approximately 500 nt corresponding to the MRP2 transcript. 
The RHOl transcript is approximately 450 nucleotides longer than its coding 
region and therefore was expected to contain extensive regions of nontranslated 
sequence. Northern hybridizations with double stranded probes EE148, EC651, 
CB633 and BE332 (Figure 3) were used to define the extent of the RHOl and MRP2 
transcribed regions. These results are summarized in Figure 5. Probe EE 148 did not 
detect either the RHOl or MRP2 transcript whereas probe EC651 detected a transcript 
of approximately 1050 nt corresponding to RHOl. Probe CB633 detected two 
RHO^ MRP 2 
E E 
< 1 
JP12 I • 
I > 
JP11 
Figure 1. Restriction map of RHOl and MRP2 and sequence strategy. The diagram represents 2640 
base pairs. The coding regions of RHOl and MRP2 are shown by the solid and stipeled arrows, 
respectively, with arrows pointing the 5' to 3' directions. The locations of restriction sites are shown 
for Hindi (C), EcoRI (E), Hpal (H), Nrul (N) and Bglll. The nucleotide sequence of the 1.6 Kb 
fragment containing RHOl and MRP2 was determined previously (Madaule et al., 1987; Myers, et 
al., 1987). Additional nucleotide sequence was determined using the indicated sequence strategy. 
Arrows depict the direction and length of sequence obtained. Unless indicated, sequences were 
obtained using subclones in phagemids pUCllS and/ or pUC 119, and universal sequencing primers. 
Two regions of sequence were obtained using custom oligonucleotides. Primer JPll comprises nt 
-119 to nt -131 of the RHOl noncoding strand, and primer JP12 comprises nt -612 to nt -599 of the 
RHOl coding strand (See Figure 2). 
Figure 2. Nucleotide sequence of RHOl and MRP2. The complete nt sequence of the region depicted in Figure 1 is shown. 
Arrows indicate the direction of transcription. Amino acid sequences derived from the nucleotide sequence are shown by the 
single letter code. RHOl is coded by the strand whose sequence is shown. MRP2 is coded by the complimentary strand. 
Nucleotide numbers are shown on the left and amino acid sequence numbers of RHOl and MRP2 are shown on tiie right. 
Nucleotide 1 is the first nt of the RHOl coding region.. The digit "0" is not used. 
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GTCGACTTTCCTGAAGGATTTCAATTTGGCACTATGGCTTTGTATGATGTTTTACATGGTGAGAGGCACGTAAATCGTTACA 
GCGAAGGATACGGTCGGAGAATGACGAAGCAGAGGTTGCCTAAGGAGCGTAGAAATTTACTAATATTTTGGCGAACCACTCTTCTACACC 
AAAACCTTCACTACGCGGAGCCGCCACTATAGTATATGAGGATCATGTATCATCCCGTTATTTTGAGGATATAAGTCTATATTAGAAGCA 
CTGCAATGAGAACTAAAAGACTATCTCCCTATAAGTGCGGTAGCATTGGACAAGCCTATTCAAGATATTAGTTACGATCCCGCAGTAACA 
AACTTTATATGTGCTAATGGCAGATCAAACAATTCACAAATTCGGCAAGGACAGGTTGCCTTGCCAGGACGAATACGAACCAAGATGGAA 
TTCTGGCTATTTGGTTTCAAGAAGGTCAATAGTTAAATCTGACGTCATCTGTGAGGTTGGGTTATGGAACCTTAGCGATAACTGCAAGAA 
CACAGTATAATTCCCTCATTTCCAATAACATTGTCGCTGATAAAATCGTGATTCTCGATCAATGTGCTACGCGTCGTGCGGAGTGACAAG 
GGGCTAAAAAAAGATACAAGAATTCTTGTTGTTTCCAATTTGCTTCGCCTCAGAAAAAAAAATAAACAGATGATACAATTTTTGTTTGAT 
TTGTATTGGGTACTACATGTTTTAGTAGTTGATACAAATACTTCTTTATCCTAATCGTATATATTTATTTTACCAGCAGGAATTCGTCTT 
TAATATCGTTTCGACCATCGATCATTCCTCTGAGTATTGCAAAAACATTTTTGGAACAACCCAAACTTAAAGTTACAAAACTCAAAAAAG 
GAACAAAATAATAAAACAAAAGAATCGCTGTTAGAGGTTTATTGTTGCACTAATAGAAAATCATAGAACTTTAAAAATTATACTAGAAAG 
Figure 2 cont Nucleotide sequence of RHOl and MRP2. 
—r\ 
RHOl ^ 
M S Q Q V G N S I R R K L V I V G D G A C G K T C L L I V F  3 0  
+1 ATGTCACAACAAGTTGGTAACAGTATCAGAAGAAAGCTGGTAATCGTTGGTGATGGTGCCTGTGGTAAGACATGTTTATTAATCGTCTTT 
S K G Q F P E V Y V P T V F E N Y V A D V E V D G R R V E L  6 0  
91 TCCAAGGGCCAATTTCCAGAAGTCTACGTACCAACTGTCTTTGAAAACTATGTAGCAGATGTTGAAGTTGATGGGCGTCGTGTAGAGCTA 
A L W D T A G Q E D Y D R L R P L S Y P D S N V V L I C F S  9 0  
181 GCGCTATGGGATACCGCTGGTCAAGAAGATTATGATAGACTAAGACCATTGTCATACCCAGACTCCAATGTCGTATTAATTTGTTTCTCT 
I D L P D  S L E N V Q  E K W I A E V L H F C Q G V P  I  I  L V  1 2 0  
271 ATCGATCTTCCAGATTCTTTAGAGAATGTACAAGAAAAATGGATTGCCGAAGTATTACATTTCTGTCAAGGTGTGCCAATTATTCTTGTT 
G C K V D L R N D P Q T I E Q L R Q E G Q Q P V T S Q E G Q  1 5 0  
361 GGTTGTAAAGTGGATTTGAGAAACGACCCACAAACCATTGAACAATTAAGACAAGAAGGTCAACAACCCGTTACATCACAGGAGGGACAA 
S V A D Q I G A T G Ï Y E C S A K T G Y G V R E V F E A A T  1 8 0  
451 TCTGTAGCAGACCAGATTGGCGCAACCGGATACTACGAATGTTCGGCCAAGACTGGTTATGGTGTCAGAGAAGTGTTTGAGGCCGCCACT ^ 
NO 
R A S L M G K S K T N G K A K K N T T E K K K K K C V L L  * * *  2 1 0  
541 AGAGCTTCATTGATGGGTAAATCTAAAACGAATGGTAAAGCTAAGAAGAACACTACTGAAAAGAAGAAGAAGAAGTGTGTCTTGTTATAG 
631 GAGTGTCTCGATCTCTCAGTCGTTAACTTAGTGGCAGATACTGCCCTTTTTCAATCCCAATTCCTTTTCTCATTGTATGTACGTATGCCT 
721 TTTTTTGTTATTTTAGCTCTAACTATAGCTACTTGTTTTTCTCCCAGTATGTGTATAATCTTATTCTTCTCTACATATAAGTGTATTGCT 
811 CAGTAAGTATTATCATCTATTAAAGAAGAATAAAAATTATCATGTATTTATTTACAAGTGCGTATCCTATATATATATATATACTTTCGC 
901 GATAAAAATTTTTACCAAATACCCTTCTTAACACCTGGCAAATTACCCTTCAGAGCGTTTTCTCTAAATTGATACCTACACAACCTAAAA 
*** WIGKKVGPLNGKLANERFQYRCLRF 86 
; 
I 
Figure 2 cont Nucleotide sequence of RHOl and MRP2. 
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991 TCACTTAGAACAAATCTTGCATGTCCAGAGTCCACGCACCTATTTTTGATCTGCGTAGATCTCATGTAGTTTGGCAATGCATTTAGTTTT 
D S L V F R A H G S D V C R N K I Q T S R M Y N P L A N L K 6 0  
1081 AACTGAGCCTCCAACCTCAGTTTTGTTGGAAGGTTCATATTTCTAGCGATGAATTTCAAAGATTTAACAAGGATTTCATTCTCTTTAAAT 
L Q A E L R L K T P L N M N R A I F k L S K V L I E N E K F 3 0  
1171 TGTTGTCTTTTGAAGTTATCCCTAAGTATGCGAGCATTGATAAACCCTGGTGGTAGCTTGGTTTTTATAGGAAATCTGAAATTACCCATC 
Q Q R K F N D R L I R A N I F G P P L K Y K I P F R F N G M l  
mp2 
1261 GGTTAATGTATATATTTGTCAGTTTACCTTTTCTTTCGTTTTTCCTTTCAATCCTCTTTATCGCAGTTTGGTTCTTAGTTTGAATATTCC 
1351 TCTGTTTTCGCTCTTTTCTCGTACAGCGCGAATTCTCCGCCAGCTTTAGAAAGTTGTAATCATTGGTGTTATTAGGGAAATAAATAATTA 
1441 GCCACATACATATGGTTATATATCGTACTCTATCTATCTAGGCATCTTGCTTTAAAAATTGCGCGAATCGGCTGGCTTCATGAATTCCAC 
1531 ACTCGGTCTTGGCCTTGCCCTTCCATCTTCCTGCTCTCTCATCTTCGCCTTCCTTGACGGGTTGTGTGGAATGGTAATCACCAATGGATC m 
1621 TATATCCAAGGTCCAAAAGTTCGTTGTATGGTACATTGTTTGCATC 
Figure 3. Hybridization probes. The diagram represents 2640 base pairs. The coding regions of RHOl and MRP2 are shown 
by the solid and stipeled arrows, respectively, with arrows pointing in the 5' to 3' directions. The locations of restriction sites 
are shown for Hinch (C), EcdRl (E), Hpal (H), NriH (N) and BgUl (B). The positions of double stranded DNA fragments used 
in Northern and Southern hybridization analyses, endlabeled single stranded DNA probes used in SI nuclease protection analyses 
and a labeled RNA Aagment use in Northern analysis are shown. The dotted line, represents a single stranded riboprobe 
complementary to the JWOi transcript. Arrows point in the 5' to 3' direction. 
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Figure 4. Size determination of RHOl and MRP2 transcripts. Total RNA was 
separated on a denaturing agarose gel and transfeired to nitrocellulose. The blots were 
probed with 32p-iabeled EC440 and BE332 fragments for detection of RHOl and 
MRP2 transcripts, respectively. Molecular sizes as determined by migration of an 
RNA ladder on a stained portion of the gel are shown. 10,20 and 30 ng of RNA were 
loaded in lanes 1,2 and 3 respectively. 
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Figure 5. Approximate extent of the RHOl and MRP2 transcripts. 5 |ig of total RNA 
was separated on a denaturing agarose gel, transferred to nitrocellulose and hybridized 
with the specified probes Detection of RHOl and MRP2 transcripts is represented by 
"+" and failure to detect the RHOl or MRP2 transcripts is represented by 
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transcripts of approximately 1050 nt and 500 nt corresponding to RHOl and MRP2, 
respectively. Finally, probe BE332 detected only the 500 nucleotide MRP2 transcript. 
The maximum possible length of 5' flanking region on the RHOl transcript is 
approximately 200 nt because EE148, which does not detect RHOl mRNA, ends this 
distance upstream of the RHOl initiation codon. These data imply the RHOl transcript 
contains approximately 200 to 250 nt of 3' untranslated sequence. 
5' End Mapping of the RHOl and MRP2 Transcripts 
SI nuclease protection assays were used to determine precisely the 5' 
transcriptional start sites of RHOl and MRP2 . The RHOl transcript protected probe 
S1R1049 from SI nuclease digestion up to nt -197 (Figure 6). A small amount of 
S1R1049 was also digested up to nt  -74.  Thus,  the most  prevalenttranscript ion 
start site was found at nucleotide -197 relative to the initiation codon and additional 
ends were found clustered at nucleotide -74 
Sequence analysis of amplified 5' RHOl cDNA was used to confirm the RHOl 
SI nuclease protection assay. The 5' ends of RHOl cDNA was selectively 
synthesized, then extended at its 5' terminus with adenine residues and amplified as 
described in Materials and Methods. Two clones, 5R1 and 5R2, were derived from the 
amplified 5' RHOl cDNA products. Sequence analysis of 5R1 and 5R2 (Figure 7) 
revealed the addition of polyadenine residues to nt -196 directly confirming the SI 
nuclease protection results. An additional 5' end clone indicated a transcriptional start 
site at nt -122, which was not observed by nuclease protection and may be a result of 
incomplete reverse transcription. 
The 5' ends of MRP2 mRNA were previously mapped to nucleotides -26, -43, 
-51 and -63 (Myers et al., 1987). To confirm these endpoints SI nuclease protection 
Figure 6. SI nuclease protection assay. End labeled probe S1R1049 (Figure 3), was 
hybridized with 80 jig total RNA, then digested with nuclease SI. The sequence ladder 
was produced with standard chain-termination methods using single stranded plasmid 
pJP250 (Table 1) and oligonucleotide primer SP103 (Table 2), the same primer used to 
form probe S1R1049 (see Materials and Methods). Lane 1 shows the results of the 
assay, indicating the most abundanttranscript begins at nt -197, and a less 
abundant transcript begins at nt -74, The probe is not protected from nuclease digestion 
if RNA is omitted in a control reaction (Lane 2). Appearance of the bands 
corresponding to probe protection at nt -197 and nt-74 is dependent on addition of SI 
nuclease (data not shown). 
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Figure 7. 5' RHOlcDÎ^A cloning. The 5' ends of RHO 1 cDNA were amplified by 
PGR and cloned as described in Materials and Methods and characterized by nucleotide 
sequence analysis. The run of Thymidine residues in each sequence represents the 
Adenine residues added to the 3' end of a cDNA molecule by terminal transferase. The 
nucleotide following the "T" run represents the 5' end of the cDNA. Clones were 
obtained indicating cDNA 5' termini at nt -196 and nt -122, as shown in the genomic 
sequence. An unexpected "G" is found adjacent to the "T" run and most likely 
represents a PGR artifact. There is 1 nt difference between this clone and the SI 
Nuclease protection fragment.. RHOl transcript 5' ends identified by SI nuclease 
protection are depicted in the DNA sequence by "!" and RHOl 5' ends identified by 
PGR are depicted by 
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G A T C 
-122 
SRI 
G A T C 
-196 
5R2 
-200 
I . 
TACCAGCAGGAATTCGTCTnTAATATCGTTTCGACCATCGATCATTCGTC 
-150 
* 
TGAGTATTGCAAAAACATTTTTGGAACAACCCAAACTTAAAGTTACAAAA 
-100 j 
CTCAAAAAAGGAACAAAATAATAAAACAAAAGAATCGGTGTTAGAGGTTT 
-50 
ATTGTTGCACTAATAGAAAATCATAGAAGTTTAAAAATTATACTAGAAAG 
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assays were repeated. Probe SIM 192 was protected by the MRP2 transcript from 
digestion by SI Nuclease to nucleotide -21, -22, -29, -30, -39 and -50 (data not 
shown). This experiment confirms the general location found previously for initiation 
of MRP2 transcripts and furthermore, indicates that transcript initiation in this gene is 
very imprecise. 
3' End Mapping of the RHOl and MRP2 Transcripts 
The RHOl transcript of approximately 1050 nucleotides was expected to 
overlap the MRP2 transcript because of its extensive 3' flanking noncoding region. 
Sequence analysis ofand 2 cDNA clones was used to determine/?//01 
and MRP2 polyadenylation sites and therefore define the extent of transcriptional 
overlap shared by both genes. Probe EC440 was used to detect RHOl cDNA in a 
XgtlO yeast cDNA library. After isolation and purification, RHOl cDNA clones were 
subjected to sequence analysis as shown in Figure 8. Poly A tails were found adjacent 
to nucleotides 814, 831 and 859. To confirm these end points 3' RHOl cDNA was 
amplified by PGR and cloned. Sequence analysis of several 3' RHOl cDNA clones 
revealed poly A tails adjacent to several scattered nucleotides from 761 to 899, Figure 
8. In this analysis a total of 20 cDNA clones were obtained from two separate cDNA 
pools and 3 separate PGR amplifications. Figure 9 shows the abundance of all 
polyadenylation sties detected. Repeated detection of various polyadenylation sites 
impliespolyadenylation sites were specifically and accurately chosen. 
MRP2 cDNA was also amplified by PGR and cloned. Sequence analysis of 
MRP2 cDNA revealed poly A tails adjacent to several nucleotides scattered from nt 860 
to nt 808 approximately 70 nucleotides or less from the MRP2 translation stop site. 
Figure 10. These data indicate that transcription from RHOl and MRP2 overlaps by 
Figure 8. Determination of RHOl polyadenylation sites. RHOl cDNA X gt 10 clones were cloned into pUC119 as EcoRl 
fragnaents and subjected to nucleotide sequence analysis. The 3' ends of RHOl cDNAs were amplified by PGR and cloned as 
described in Materials and Methods and characterized by nucleotide sequence analysis. The run of Thymidine residues in each 
sequence represents die Adenine residues of the RHOl mRNA Poly A tail. The nucleotide following the "T" run represents the 3' 
end of the M^A. The nucleotide sequences shown are a representative subset of all clones obtained. The nucleotide number of 
each polyadenylation site is given below each sequence. 
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nt 831 nt 859 nt 814 
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nt 761 nt 765 nt 831 
Figure 9. Frequency RHOl and MRP2 polyadenylation sites. The open box represents the noncoding region between RHOl 
and MRP2 corresponding to RHOl nt 730 to nt 930. Arrows above and below the box indicate the direction of RHOl and 
MRP2 transcription respectively. The MRP2 termination codon is marked by AAT. RHOl polyadenylation sites are marked 
above the box, MRP 2 polyadenylation sites are marked below the box. Polyadenylation sites obtained from different cDNA 
pools are marked by "X" and "T" and "0" marks polyadenylation sites obtained from the XgtlO yeast cDNA library. Each mark 
represents one cDNA clone. 
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TCTACATATAAGTGTATTGCTCAGTAAGTATTATCATCTATTAAAGAAGAATAAAAATTATCATGTATTTATTTACAAGTGCGTATCCTATATATATATA 
AGATGTATATTCACATAACGAGTCATTCATAATAGTAGATAATTTCTTCTTATTTTTAATAGTACATAAATAAATGTTCACGCATAGGATATATATATAT 
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G A T C 
nt 811 
G A T C G A T 0 
nt 832 nt 849 
Figure 10. Determination of MRP2 polyadenylation sites. The 3' ends of MRP2 
cDNAs were amplified by PGR and cloned as described in Materials and Methods and 
characterized by nucleotide sequence analysis. The run of Thymidine residues in each 
sequence represents the Adenine residues of the MRP2 mRNA Poly A tail. The 
nucleotide following the "T" run represents the 3' end of the cDNA. The nucleotide 
sequences shown are a representative subset of all clones obtained. The nucleotide 
number of each polyadenylation site is given below each sequence. 
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at least 91 nt. In this analysis a total of 11 cDNA clones were analyzed from two 
separate PGR reactions. Figure 9 shows the abundance of all polyadenylation sties 
detected. Repeated detection of various polyadenylation sites implies MRP2 
polyadenylation sites were specifically and accurately chosen. 
Transcription of RHOl Throughout the Cell Cycle 
Since the product of RHOl has been implicated in negatively controlling bud 
formation, transcription of RHOl throughout the cell cycle was examined. Cells 
were synchronized with a-mating factor as described in Materials and Methods. Their 
point in the cell cycle was monitored by counting the percentage of budded cells. 
Immediately after addition of a-factor, 41% of the population was unbudded. Twenty 
minutes later 65% of the cells were unbudded, and 60 minutes later 91% of the cells 
were unbudded. These data indicated that the cells were synchronized 60 minutes after 
addition of a-factor. Northern hybridizations were carried out by using RNA isolated 
at various time points after release from a-factor. Probe EC440 detected steady state 
levels of the RHOl transcript in all stages of the cell cycle as shown in Figure 11. 
Steady state levels of RHOl transcript were expected because the product RHOl, like 
other small molecular weight G proteins, functions as a molecular switch through the 
rapid binding and hydrolysis of GTP. 
I 
A) 
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after per cent 
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0.315 20 26 
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0.414 50 92 
0.868 75 39 
B) 
Kb 
1.77 
1.52 
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Figure 11. Transcription of RHOl throughout the cell cycle. A) Synchronization of cells 
was monitored by measuring OD 600 and counting percent budded cells in 10 minute 
intervals. B)Total RNA isolated at 10 minute intervals from a snychronized cell culture 
was separated on a denaturing agarose gel and transferred to nitrocellulose. The blot was 
hybridized with EC440 to detect RHOl transcription and subsequently was reprobed 
with D700, a labeled DNA .fragment complementary to the yeast ACTl gene to 
standardize the amount of loaded RNA. 
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DISCUSSION 
Rho genes are members of the ras gene superfamily of small molecular weight 
G proteins. Although little is known about their function, rho genes are of interest 
because mutated alleles of their relatives, ras genes, have been found in many human 
tumor cells. In yeast there are two rho genes, RHOl and RH02 (Madaule et al., 
1987). RHOl is of interest not only because it is essential to yeast cell life but also 
because it shares more than 70% identity with a human analog, rhoH12. Elucidating 
the mechanism of RHOl expression clearly could lend insight not only into the function 
of RHOl but also into any likely role rho genes may play in growth regulation in 
mammalian cells. 
Steady state levels of the RHOl transcript were detected throughout the cell 
cycle even though RHOl is thought to function at specific points in this cycle as a 
negative regulator of bud formation. Constant steady state levels of the RHOl 
transcript were not surprising, however, because of the general biochemical mechanism 
thought to apply to all p21^^^-related proteins. These proteins act as molecular 
switches through the binding and hydrolysis of GTP, and are likely to provide rapid 
information transfer in response to specific signals. Thus, the proteins are likely to be 
present at relatively constant levels. In the case of RHOl, constant levels of expression 
throughout the cell cycle would provide protein ready to respond to signals regulating 
progression of the cycle. 
ThtRHOl transcript ranges in size from 834 nt to 1116 nt. The longest 
observed transcripts have 197 nt of 5' untranslated sequence and 288 nt of 3' 
untranslated sequence. The 3' end of RHOl mRNA is extremely jagged extending 
over 158 nt. MRP2 on the other hand, codes for a more typical transcript with a 5' 
untranslated region of at most 63 nt and a 3' untranslated region of at most 52 nt. The 
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5' ends of MRP2 mRNA are grouped within 37 nt and the 3' ends of MRP2 are 
grouped within 52 nt. The locations of the polyadenylation sites of these two 
transcripts implies that each gene provides a natural antisense transcript for the other, 
consisting of approximately 100 nt. 
Although the RHOl 5' leader is approximately 200 nucleotides long, most 
yeast 5' transcript leaders tend to be approximately 20 to 40 nucleotides in length. The 
significance of the long RHOl 5' transcript leader is unknown, however, detection of 
other less abundant short RHOl leaders suggests two types of RHOl transcripts are 
produced. Perhaps under proper conditions the shorter 5' leaders are produced more 
efficiently or are translated differently than the more prominent full length RHOl 
transcripts. 
Termination of RHOl transcription was observed at two general sites separated 
by nearly 100 nucleotides. A third region near the MRP2 termination codon was 
detected less frequently. Termination of RHOl transcription at three general sites 
implies separate terminator elements are present within the S'RHOl untranslated 
region. On the other hand, termination could occur downstream from all 
polyadenylation sites followed by cleavage of each transcript at specific 
polyadenylation sites. Although little is known about yeast termination the latter case is 
less likely since the yeast genome is densely packed. The repeated detection of 
specific polyadenylation sites implies RHO 1 transcript processing occurs in an accurate 
and specific manner. 
Determination of the 3' ends of RHOl and MRP2 has demonstrated that the 
transcripts overlap by a maximum of 111 nucleotides. Though overlapping 
transcription in yeast is fairly rare, another nuclear gene required for mitochondrial 
mRNA translation, PET122, is divergently transcribed with a transcript of unknown 
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function (Ohmen et al., 1990). Though perhaps a coincidence, it is intriguing that the 
uncommon event of overlapping transcription has been shown to occur for two loci 
involved in mitochondrial gene expression. 
Finally, a few comments must be made about the rapid amplification of cDNA 
ends technique used in these experiments (Frohman et al., 1988). The magnesium 
chloride concentration is critical. Even minute alterations in the magnesium chloride 
concentration can prevent amplification. Though the concentrations presented here 
worked for RHOl and MRP2 , optimal concentrations probably vary form gene to 
gene. The most difficult aspect was cloning the PGR products after amplification. The 
digestion conditions varied from one gene to the next and involved balancing the 
amount of restriction enzymes and the length of incubation times. 
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ABSTRACT 
The yeast genes RHOl and MRP2 are convergently transcribed on chromosome XIII 
with their transcripts overlapping by at least 111 nucleotides. This study examines 
whether this transcriptional overlap is required for normal function of the genes or for 
proper termination and polyadenylation of their transcripts. Elimination of the 
transcriptional overlap by truncation of RHOl and MRP2 shortly beyond their stop 
codons does not affect function of either gene. Insertion of foreign DNA between 
RHOl and MRP2 does not change the poly A addition sites used for either gene. The 
transcriptional overlap therefore, is not required for termination or polyadenylation of 
either message. Rather, it may have arisen from evolutionary compaction of the yeast 
genome 
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INTRODUCTION 
The Saccharomyces cerevisiae haploid genome comprises 16 chromosomes 
consisting of 14,000 kilobasepairs of DNA (Watson et al., 1987), one of the smallest 
known eucaryotic genome sizes. Despite this relatively small genome, yeast is likely to 
contain roughly the same number of genes as other eucaryotic cells, suggesting that its 
coding information is packed more densely in the chromosome with a relatively low 
amount of noncoding information. This prediction is formed by the finding that typical 
yeast genes do not contain introns (Watson et al., 1987) in contrast to other eucaryotes 
where much of the transcribed sequence is removed from precursor mRNAs by RNA 
splicing. Furthermore, yeast genes often are located close to each other, with relatively 
littie noncoding spacer DNA separating the coding information (Imiger et al., 1991). 
The RH01/MRP2 locus on chromosome XIII is a specific example of the 
density of the yeast genome. Nucleotide sequence analysis demonstrated that RHOl 
and MRP2 are separated by only 281 nucleotides (Myers et al., 1987; Madaule et al., 
1987). RHOl is an essential gene in yeast thought to negatively control bud formation 
(Johnson et al., 1991) through binding and hydrolyzing guanine nucleotides as a 
member of the ras gene superfamily (Barbacid, 1987). MRP2 is a nonessential gene in 
yeast coding for a mitochondrial ribosomal protein (Myers et al., 1987). 
The locations of the RHOl and MRP2 transcripts were mapped precisely in a 
previous study (Section I). The RHOl transcript was shown to possess extensive 
nontranslated regions with relatively jagged termini. MRP2 on the other hand, was 
shown to produce more typical S. cerevisiae transcripts with relatively small amounts 
of nontranslated regions. The convergent transcription of RHOl and MRP 2 overlaps 
by at least 111 nucleotides at the 3' ends of both transcripts. 
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MRP2 is one of several nuclear yeast genes coding for mitochondrial proteins 
found to produce overlapping transcripts with neighboring genes. CYCl, coding for 
iso-1-cytochrome c, is transcribed convergently with the transcript of UTRl, a gene of 
unknown function (Zaret and Sherman, 1982). Similarly, the transcript of PET122, 
required for translation of a specific mitochondrial mRNA, divergently overlaps a 
transcript of unknown function (Ohmen et al., 1990). Finally, the HAP3 locus, 
required for global activation of genes coding for mitochondrial cytochromes and other 
heme containing proteins, codes for two divergently transcribed, overlapping 
transcripts (Hahn et al., 1988). Though expression of genes in higher eucaryotes and 
also procaryotes is sometimes regulated by the production of anitsense transcripts, 
yeast genes have never been shown to be regulated in this manner (Eguchi, 1991). 
This report examines the functional significance of the 100 nucleotide 
transcriptional overlap of RHOl and MRP2. Truncation of RH01 and MRP2 near 
their translation termination codons demonstrated functional proteins are produced in 
the absence of native 3' nontranslated regions in either transcript. Furthermore, 
separation of RHOl and MRP2 by insertion of the marker gene URA3 (Rose and 
Botstein, 1983), thereby eliminating the transcriptional overlap, has little effect on 
transcriptional termination and polyadenylation of either gene. Finally, increasing the 
steady state level of the natural antisense transcript for MRP2 had littie effect on 
formation of the 3' terminus of the MRP2 transcript.. Therefore, transcriptional 
overlap of more than 100 nt shared by the RHOl and MRP2 transcripts seemingly 
affects neither transcription nor translation of either gene. 
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MATERIALS AND METHODS 
Strains, Plasmids, and Media 
Yeast strains and plasmids used in this study are described in Tables 1 and 2, 
respectively. Yeast strains JP-8, JP-9, JP-10, JP-12, JP-13 were constructed by gene 
replacement using recombinant fragments purified from plasmids pJP208, pJP210, 
pJP211, pJP214, and pJP215, respectively. Escherichia coli strain TG-1 was used for 
bacterial transformations (Amersham Corp., Arlington Hts., IL). 
The following media were used: YPD (1% yeast extract, 2% peptone, and 1% 
glucose); TWO (1.2 M Sorbitol, 2% glucose, 0.7% yeast nitrogen base with out amino 
acids); WO (2% glucose, 0.7% yeast nitrogen base with out amino acids); EG (1% 
yeast extract, 2% peptone, 2% glycerol, 2% ethanol); KAc (1% potassium acetate, 
0.05% glucose, 0.1% yeast extract). Minimal media were supplemented as needed 
with uracil, leucine, histidine, tiptophan and adenine at 20 ^ig/ml. 
DNA Manipulations 
DNA manipulations used for plasmid construction and yeast genetic engineering 
were carried out according to standard procedures, (Ausubel et al., 1989; Maniatis et 
al., 1989). Double stranded DNA probes were prepared by electroelution of gel 
purified fragments and random primer labeling using a commercially available reagent 
kit (Boehringer Mannheim Biochemicals, Indianapolis, IN). Linear double stranded 
probe EE 1569 was purified from pMMlOl by digestion with EcoRl. Probe D1168 
was purified from pUClSU by digestion with BamRl. 
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Table 1. Strains 
Strain Genotype Source 
W303.ll A MATa, ade2, his3, leu2, trpl, ura3 R. Rothsteinl 
S109 MATa, ade2 his3, leu2, trpl,ura3, rhol::HIS3, + 
pMMlOl iRH01,LEU2) 
JP-3 Genotype of SI09 + pJP203 (rholt, URA3) This study 
C167/L1 MATa, mrp2-l, leu2 Myers et al.2 
JP-6 Genotype of C167/L1 + pJP206 {mrp2t, LEU2) This study 
JP-8 MATa, ade2, leu2, trpl, ura3, RH01-HIS3-MRP2 3 This study 
JP-9 MATa, ade2, leu2, trpl, ura3, MRP2-HIS3-RH01 This study 
JP-10 MATa, ade2,leu2, trpl, ura3, MRP2-HIS3-RH01 This study 
JP-12 MATa, ade2, leu2, his3, tipl, RH01-URA3-MRP2 This study 
JP-13 MATa, ade2, Ieu2, his3, trpl, RH01-URA3-MKP2 This study 
1 Columbia University, New York, NY 
2 Myers et al. (1987). 
3 Specific insertion in RH01-MRP2 intergenic region shown in Figure 3. 
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Table 2. Plasmids 
Name Insert nt Position^ Source Vector 
pMMlOl 1569 bp EcoRI -188 - 1382 pG89/ST32 YEp35l3 
pJP203 842 bp Ecd^-Hpal -188 - 654 
pJP206 483 bp Nrul-EcdRl 899- 1382 
pJP207 1569 bp EcoRI -188- 1382 PUC118E4 
pJP208 1767 bpfiamHI PUC18H5 pJP207, Hpal 
pJP210 1767 bp BamYOi pJP207, Nrul 
pJP211 1767bp5amHl6 
pJP214 1168bpHindni pUC18U5 pJP207 Hpal 
pJP215 1168 nt////idlll7 ft 
pJP252 396 nt Hpal-B^ni 654-1050 PG89/ST32 pBluescript SK+8 
1 Nucleotide numbers correspond to Section I, Figure 2. Nucleotide numbers are 
shown only for fragments from the RH01-MRP2 region. 
? Myers and Crivellone (1987) 
3 Hill et al., (1986) 
^ pUC118 with deleted multiple cloning site modified to contain only an EcoRI site 
5 A. Myers, unpublished. 
6 HIS3 fragment in opposite orientation relative to pJP208. In pJP210 HIS3 is 
transcribed in the direction opposite of RHOl. 
^ URA3 fragment in opposite orientation relative to pJP214. In pJP215 URA3 is 
transcribed in the direction opposite of RHOL 
8 Stratagene Cloning Systems, La Jolla, CA 
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Yeast chromosomal DNA was isolated according to Hoffman et al. (1987) with 
several modifications. Strains were grown to stationary phase in YPD, pelleted, and 
resuspended in residual liquid; to this was added triton lysis mix (2% triton X-100,1% 
SDS, lOOmM NaCl, 10 mM Tris.HCl pH 8.0, and ImM EDTA pH 8.0), 0.3 grams 
acid washed glass beads and 200 |xl PCI (phenol: chloroform:isoamyl alcohol; 
25:25:1). Cells were broken by vortexing for three minutes, and 200 p.1 TE (10 mM 
Tris-HCl pH 8.0,0.1 mM EDTA) was added. Chromosomal DNA was concentrated 
by ethanol precipitation. The precipitated DNA was pelleted, treated with RNAase A, 
and precipitated with ammonium acetate and ethanol. The DNA was pelleted, dried and 
resuspended in 50 |il water. 
RNA Isolation and Northern Hybridization Analysis 
Total yeast RNA preparation and Northern hybridization analysis with double 
stranded DNA probes were carried out as described previously (Section 1). Northern 
hybridizations with single stranded RNA probes were carried out using different 
hybridization and washing conditions. The filters were soaked 6 hours in 
prehybridization solution (10% dextran sulfate, IM NaCl, 50% formamide, 1% SDS 
and 0.1 p.g/^il salmon sperm DNA (Sigma Chemical Co.) at 65°C. After injection of 
the probe , the filters were hybridized overnight at 65®C. They were washed in 2X 
SSC, 0.1% SDS 2 times at room temperature and 2 times at 65®C in 0.1% SSC, 0.1% 
SDS and then exposed to film for 3-12 hours. 
Linear, double stranded DNA probes BE332 and EC440 were obtained as 
described previously (Section I). Probe EE1569 was purified after digestion of 
pG89/ST3 with EcoRI (Section I, Figure 3). Probe ssRHOHG was synthesized with 
the use of an in vitro transcription kit (Promega Corp., Madison, WI). Plasmid 
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pJP252 (Table 2) linearized downstream of the RHOl sequence by digestion with 
EcoRI was used as a template for T3 RNA polymerase transcription to form 
ssRHOHG. 
Determination of Polyadenylation Sites 
PGR amplification of cDNA ends (RACE) and nucleotide sequence analysis of 
the cloned cDNAs was accomplished as described previously (Section I). 
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RESULTS 
Truncation of RHOl and MRP2 
The functional significance of the transcriptional overlap at the 3' ends of RHOl 
and MRP2 was examined in vivo by truncating either gene a few nucleotides 
downstream of their translational stop codons (Figure 1), and genetically testing 
whether the truncated genes produced functional proteins. Strain JP-3 was constructed 
as follows to test the effects of truncating RHOl. Haploid strain S109 (Table 1) 
contains the inactive allele rhol::HlS3 at the native RHOl locus, and a functional 
RHOl gene as part of plasmid pMMlOl marked by LEU2 (Table 2). A truncated 
RHOl, gene, rholt, comprising nt 1 to nt 654 (Section 1, Figure 2) was introduced 
into S109 as part of plasmid pJP203 marked by URA3 (Table 2). Because JP-3 carries 
the ura3 and leu2 auxotrophic mutations, plasmids pMMlOl and pJP203 can be 
detected in this strain and its derivatives by replica plating and scoring for the plasmid-
bome LEU2 or URA3 markers, respectively. In these derivatives a functional allele of 
RHOl must be supplied by one or both plasmids, because the chromosomal allele 
rhol::HIS3 is a lethal mutation (Madaule et al., 1987) 
Strain JP-3 was grown in non-selective liquid medium to allow loss of the 
plasmids in some cells owing to random distribution during mitosis. The culture was 
diluted, approximately 100 single cells were plated on non-selective YPD medium, and 
the resultant colonies were replica plated on WO lacking either uracil or leucine. 
Approximately 50% of the colonies had lost one of the plasmids, and the number of 
colonies retaining only pJP203 (rholt, URA3) was about equal to the number retaining 
only pMM201 (RHOl, LEU2). Thus, rholt is a functional RHOl allele. 
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RHOl MRP 2 
Figure 1. Truncation plasmids pJP203 and pJP206. pJP203 contains an 844 nt 
EcoRl-Hpal fragment corresponding to RHOl nt -190-654 (Section I, Figure 2) 
consisting of the RHOl promoter, coding region and 24 nt of the 3' nontranslated 
region inserted into yEP352 (Hill et al., 1986) at the EcoRI and Smal sites. pJP206 
contains a 482 nt Nrul-EcoRl fragment corresponding to RHOl nt 900- 1382 
consisting of the MRP2 promoter, coding region and 12 nt of the 3' nontranslated 
region (Section I, Figure 2) inserted into YEp351. 
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Transcripts produced from rholt were characterized by Northern hybridization 
analysis. Probe EC440 (Section I, Figure 1) detected multiple transcripts ranging in 
size from approximately 1.1 kb to 2.5 kb (Figure 2). None of these transcripts are 
derived from rhol::HIS3, because the region corresponding to probe EC440 is missing 
from this allele (Madaule et al., 1987). Including the 5' non-translated region and 
coding region, the transcript from rholt itself is expected to contain 842 nt (Section 
I). Thus transcription teimination occurred within the vector sequences downstream of 
rholt in pJP203. These data indicate expression of RHOl is not dependent on the 
native 3' non-translated region of the transcript, nor on presence of the natural antisense 
RNA produced by MRP2 transcription. 
In an analogous experiment strain JP-6 was used to test whether a truncated 
version of MRP2 could produce functional protein. The parent strain C167/L1 (Table 
1) carries the non-functional allele mrp2-l. This nuclear petite mutation causes 
respiratory deficiency, which is detected by the inability of non-fermentable carbon 
sources to support cell growth. To form strain JP-6, plasmid JP206 (Table 2) 
containing the truncated allele mrp2t was introduced into C167/L1, and transformants 
were selected on the fermentable substrate glucose (TWO lacking leucine) using the 
LEU2 marker of the plasmid. JP-6 was then tested for growth on the non-fermentable 
medium EG. The strain was found to be respiratory competent, indicating neither the 
native 3' non-translated region of the transcript nor the natural antisense RNA provided 
by RHOl transcription is required for expression of MRP2. 
MRP2 Transcription Termination in the Absence of Natural Antisense RNA 
To test whether the 3' transcriptional overlap of MRP2 and RHOl is 
functionally significant in terms of transcription termination and/or polyadenylation, 
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Total Poly A+ 
Figure 2. Transcription of RHOl in strain JP-3. Strain JP-3 was grown in YPD 
medium allowing loss of inessential plasmids. Cells that lost the t//?A3 marker (JP-
3.1) or the LEU2 marker (JP-3.2) were single colony purified. 1.6 jxg total RNA 
from both derivatives of strain JP-3 and 1.6 ng poly A+ RNA from JP-3.2 were 
separated on a denaturing agarose gel, transferred to nitrocellulose and hybridized 
with probe EC440 to detect RHOl transcripts (Section I, Figure 2). Molecular 
sizes as determined by migration of an RNA ladder on a stained portion of the gel 
are shown. 
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different segments of yeast DNA were inserted into the chromosome between the two 
genes, as shown in Figure 3. Strain JP-12 contains a 1.1 kb //mdin fragment of yeast 
genomic DNA comprising the URA3 gene (Rose et al., 1983) inserted at the Hpa\ site 
immediately downstream of the RHOl termination codon. To construct JP-12, the 
URA3 fragment was made blunt ended by treatment with polIK, then ligated into the 
unique Hpal site of plasmid pJP214 (Table 2). The orientation of URA3 was 
determined in the resultant recombinant plasmids relative to RHOl and MRP2 by 
mapping restriction endonuclease recognition sites. The RH01-MRP2 region modified 
by insertion of URA3 was excised from one of these plasmids as an £coRI fragment, 
introduced into the ura3 strain W303-11A (Table 1), and transformants were then 
selected based on the presence of URA3. That the recombinant fragment replaced the 
native chromosomal fragment by homologous recombination was verified by Southern 
hybridization analysis (data not shown). Digestion of genomic DNA from parent strain 
W303-1 lA with EcoRI produced as expected a 1.6 kb fragment hybridizing to RHOl 
probe EC440. This fragment was missing in JP-12 genomic DNA, but was replaced 
by a larger fragment of 2.7 kb, the molecular weight predicted for the recombinant 
fragment containing the URA3 insert. Probing the Southern blot with URA3 probe 
D1168 detected the native URA3 gene as well as the additional fragment of 2.7 kb. 
The other modifications of the RH01-MRP2 intergenic region by insertion of foreign 
DNA (Figure 3) were constructed and verified by procedures analogous to those 
described here for strain JP-12. 
In strains JP-12 and JP-13, transcription of RHOl is expected to terminate 
within the URA3 insert (Figure 3), eliminating the natural antisense RNA for MRP2. 
This prediction was verified by Northern hybridization analysis using single stranded 
RNA probe ssRHOHG. This probe comprises nt 655 to nt 1049 of the MRP2 coding 
Figure 3. Structure of RHOl locus in strains JP-8, JP-12 and JP-13. A 1569 bp 
genomic DNA fragment containing the wild type RHOl and MRP2 loci is shown. The 
coding regions of RHOl and MRP2 are shown by the solid and stipeled arrows 
respectively, with arrows pointing in the 5' to 3' directions. The locations of 
recognition sites for EcoRI (E), Hpal (H) and Nrul (N) restriction sites are marked. 
The position of the 1168 bp URA3 or the 1767 bp HIS3 insertions are marked by 
vertical lines. The coding regions of URA3 and HIS3 are shown by the striped and 
checked boxes respectively TTie direction of URA3 and HIS3 transcription is indicated 
by arrows. 
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strand and thus would specifically detect the natural antisense RNA for MRP2. Figure 
4 shows this natural antisense RNA is absent from both strains. 
Northern hybridization analyses and nucleotide sequence analysis of cDNA 
clones were used to determine the effects of insertions within the RH01-MRP2 
intergenic region on 3' end formation. MRP2 probe BE332 (Section I, Figure 3) 
detected in strains JP-12 and JP-13 a transcript of apparently normal size (data not 
shown). The 3' ends of MRP2 cDNA from these strains were amplified by PGR and 
cloned as described previously (Section I). Nucleotide sequence analysis of these 
clones revealed polyadenylation sites at nts 808, 815, 832 and 849, all of which were 
detected previously in wild type mRNA (Section I). Additional polyadenylation sites 
not seen in wild type cells were found in the same general location, at nts 799, 801, 
810, 811,822, 829, 831, and 842. Thus, absence of the natural antisense mRNA does 
not affect the general location of polyadenylation in MRP2 transcripts. 
Strain JP-8 allowed examination of MRP2 3' end formation in the presence of 
excess natural antisense mRNA. In this instance the insertion at the Hpal site 
downstream of RHOl was a 1.7 kb fragment containing the yeast HIS3 gene (Figure 
3). Northern hybridization analysis using ssRHOHG as a probe showed the levels of 
MRP2 natural antisense RNA to be greatly increased compared to its normal level on 
the RHOl transcript (Figure 4). The MRP2 transcript detected with probe BE332, 
however, was still of seemingly normal size (data not shown). Polyadenylation sites of 
these transcripts were detected by nucleotide sequence analysis of cDNA clones at nts 
832 and 849, which were also detected in wild type cells (Section I). Additional 
polyadenylation sites were detected in the same general location, at nts 809, 827, 829, 
838, and 842. 
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Figure 4. Transcription of MRP2 antisense RNA in strains JP-8, JP-12 andJP-13. 
2ng aliquots of total RNA fix)m JP-8, JP-12, JP-13 andW303-llB were separated on a 
denaturing agarose gel and transferred to nitrocellulose. The blots were hybridized to 
probes ssRHOHG (Section 1, Figure 3) to detect RHOl transcription beyond the 
RHOl coding domain. Poly A+ W303-1 IB RNA was included as a wild type control. 
Molecular sizes as determined by migration of an RNA ladder on a stained portion of 
the gel are shown. 
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Inserting the HIS3 fragment into the chromosome at the Hpal site between 
RHOl and MRP2 in the orientation opposite to strain JP-8 caused a lethal mutation. 
The insertion was recovered in a his3/his3 diploid strain heterozygous for the insertion. 
All haploid meiotic segregants obtained from this diploid required histidine, indicating 
segregants receiving the HISS insertion did not survive. The lethality of this insertion 
most likely is due to a strong transcriptional promoter in the HIS3 fragment producing 
antisense RNA that extends into the RHOl coding region. Because RHOl is an 
essential gene, inactivation of RHOl by this antisense RNA would be lethal 
RHOl Transcription Termination in the Absence of Natural Antisense RNA 
Strains JP-9 and JP-10 were constructed to test whether the 3' transcriptional 
overlap of the RHOl and MRP2 transcripts was functionally significant for 
transcription termination and/or polyadenylation of the RHOl mRNA. These strains 
contain HIS3 inserted at the unique Nrul site in the intergenic region (Figure 5). Strain 
JP-9 is expected to produce high levels of natural antisense RNA for RHOl, as 
predicted from the results described in the previous section for strain JP-8. This 
prediction could not be confirmed, however, owing to the lack of a single strand RNA 
probe specific for the antisense RNA. In any event, separation of the MRP2 
transcribed region from that of RHOl should alter the normal level of antisense RNA. 
Analysis of these strains by Northern hybridization analysis using probe EC440 
(Section I, Figure 3) showed the size of the RHOl transcript was not significantly 
altered in either mutant (data not shown). Polyadenylation sites were detected in cDNA 
clones from JP-9 at nts 761,763,768, 831 and 859, all of which were also detected in 
clones from wild type cells (Section I). An additional polyadenylation site was detected 
at nt 863. Similar results were obtained from strain JP-10. 
Figure 5. Structure of the RHOl locus in strains JP-9 and JP-10. A 1569 bp genomic 
DNA fragment containing the wild type RHOl and MRP2 loci is shown. The coding 
regions of RHOl and MRP2 are shown by the solid and stipeled arrows respectively, 
with arrows pointing in the 5' to 3' directions. The locations of recognition sites for 
EcoRI (E), Hpal (H), and Nrul (N) are marked. The position of the 1168 bp URA3 or 
1767 bp HIS3 insertions are marked by vertical lines. The direction of URA3 and 
H1S3 transcription is indicated by arrows. 
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JP-10 cells were unable to grow on non-fermentable carbon sources (EG 
medium), suggesting that MRP2 was inactive. This observation provides further 
evidence for the strong transcription initiation site in the HIS3 fragment, which s 
expected to produce antisense RNA for the MRP2 coding region (Figure 5). 
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DISCUSSION 
The functional significance of the overlapping 3' noncoding portions of the 
RHOl and MRP2 transcripts was examined first by truncating each gene near its 
translation termination codon. Truncated RHOl, RHOlt, produced extended RHOl 
transcripts in which the 3* nontranslated portion was replaced with sequence from 
YEp351 (Figure 2). Despite replacement of the 3' nontranslated portion of the RHOl 
message, RHOlt supplied a functional allele in strain JP-3 in which the chromosomal 
RHOl allele was disrupted with H1S3, rhol::HIS3 (Madaule, 1987) Therefore, 
replacement of the 3' nontranslated portion of the RHOl transcript and elimination of 
the antisense RNA produced by MRP2 transcription does not impair is expression 
RHOl. 
Likewise, a truncated version of MRP2, MRP2t, was introduced into a 
respiratory deficient strain carrying a non-functional allele, mrp2-l, MRP2t restored 
respiratory efficiency to the strain indicating the native 3' nontranslated portion of the 
MRP2 transcript and the presence of the natural antisense RNA produced by RHOl 
transcription are not required for expression of MRP2 
The functional significance of convergent overlapping transcription in RHO\ 
and MRPl was examined in terms of transcription termination and/ or polyadenylation 
by insertion of segments of yeast DNA into the chromosome between the two genes. 
In strains JP-12 and JP-13 transcription of RHOl terminated within the yeast DNA 
insert eliminating production of MRP2 antisense RNA. In these strains MRP2 
transcripts were of normal size and MRP2 polyadenylation sites were detected at 
previously defined wild type sites and at sites not seen in wild type cells in the same 
general location. Therefore, the absence of the MRP2 antisense RNA did not affect the 
general location of polyadenylation in MRP2 transcripts. Conversely, in strain JP-8 
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high levels of MRP2 antisense RNA were produced by insertion of yeast DNA in the 
chromosome between RHOl and MRP2. In this strain MRP2 transcripts were also of 
normal size and MRP2 polyadenylation sites were detected at wild type sites and at 
non-wild type sites in the same general location indicating alteration of the level of 
MRP2 antisense RNA has no influence on MRP2 transript polyadenylation. 
RHOl transcription was examined in strains JP-9 and JP-10 in which MRP2 
transcription terminated within the yeast DNA insert. RHOl transcripts were 
seemingly of normal size and polyadenylation sites were detected at wild type sites and 
non-wild type sites in the same general location. Thus, elimination or alteration of 
RHOl antisense RNA does not impair proper RHOl transcription termination or 
polyadenylation. 
Though a function can not be assigned to the transcriptional overlap shared by 
RHOl and MRP2 mRNA from this study, it is intriguing that several other genes 
required for mitochondrial function including PET\22 (Ohmen et al., 1990), CYCl, 
and HAP3 (Hahn et al., 1988) are also involved in overlapping transcription. Though 
the overlapping transcripts found to be involved with mitochondrial protein genes have 
not yet been characterized, perhaps they share several common features with RHOl. 
Elucidating the functions of genes whose transcripts overlap mitochondrial protein 
transcripts may lend insight into the expression and function RHOl and ultimately its 
possible role in cell proliferation and cancer. 
The transcriptional overlap shared by RHOl and MRP2 implies coordinated 
transcription termination exists between RHOl and MRP2 whereby opposing RNA 
polymerase molecules stearically interact in the overlapping region and influence 
termination of both genes. In this study the possibility of stearic interference of 
opposing RNA polymerases was eliminated and polyadenylation sites were detected at 
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the same sites found in wild type cells or within the same general location. Therefore, 
RHOl and MRP2 transcription is not influenced by opposing RNA polymerases 
Through evolutionary compaction of the yeast genome RHOl and MRP2 seemingly 
have become so close their transcripts overlap yet no so close they interfere with each 
others' expression. The terminator sequences involved in processing the overlapping 
transcripts are discussed in Section HI 
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ABSTRACT 
In contrast to higher eucaryotes, little is known about 3' mRNA processing in S. 
cerevisiae. Since yeast package roughly the same number of genes as other eucaryotic 
cells in one of the smallest known genome sizes, little spacer DNA is found between 
transcriptional units. Consequently, terminator sequences in yeast have evolved to 
accommodate the densely packed coding information. This report examines a 281 
nucleotide intergenic region between the overlapping transcriptional units of RHOl and 
MRP2 by inserting portions of the region into URA3 and studying their effects on 
URA3 transcription termination. This report demonstrates the presence of two 
bidirectional terminators capable of efficiently terminating transcription in one 
orientation and inefficiently terminating transcription in the opposite orientation. 
Therefore, though the overlapping transcripts of RHOl and MRP2 are independently 
processed (Section II ), the RHOl and MRP2 terminators elements could hypothetically 
terminate transcription from either direction. Site directed mutagenesis experiments 
have identified an essential 16 nucleotide alternating TA terminator element within the 
intergenic region. It is thought to signal termination of MRPl transcription in a 
sequence specific manner in conjunction with auxiliary signals at or near MRP2 
polyadenylation sites. 
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INTRODUCTION 
The proper 3' end formation of mRNAs in higher eucaryotes is an essential step 
in the process of gene expression, requiring multiple cis and trans acting factors 
(Bimstiel et al., 1985; Manley, 1988). Mammalian transcript processing is thought to a 
involve an AAUAAA processing signal that specifies cleavage of transcripts extended 
over 1000 nucleotides downstream from their mature 3' termini (Moore and Sharp, 
1985) and the addition of 200 to 300 adenine residues (Simonsen and Levinson, 1983). 
Single point mutations in this highly conserved mRNA 3' end processing signal lead to 
inefficient cleavage and polyadenylation, causing a decrease in gene expression (Higgs 
et al., 1983; Orkin et al., 1985). Unlike higher eucaryotes, however, most genes in the 
yeast Saccharomyces cerevisiae lack the AAUAAA processing signal or any other 
conserved sequence element responsible for mature 3' end formation (Proudfoot and 
Brownlee, 1976). The absence of a unique transcription termination and 
polyadenylation signal implies there is no single mechanism for 3' end formation in S. 
cerevisiae. 
Yeast mRNA 3' end processing is qualitatively different than in multicellular 
eucaryotes in other ways. The finding that all mRNAs in S. cerevisiae are 
polyadenylated, including those coding for histone proteins, suggests that unlike higher 
eucaryotes transcription termination and polyadenylation are directly coupled events 
(Imiger et al., 1991). Additionally, transcription far downstream from the mature 3' 
end seems unlikely because yeast genes are packed relatively close to each other in the 
chromosome (Osborne and Gaurente, 1989; Russo and Sherman, 1989). 
By deletion analysis, three different nucleotide sequence elements have been 
identified in yeast that may function to specify transcription termination and/or 
polyadenylation sites. Henikoff and Cohen (1983) identified the TTTTTATA element 
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as an essential sequence for transcriptional termination of a Drosophila melanogaster 
gene expressed in S. cerevisiae. Zaret and Sherman (1982) demonstrated the tri-partite 
sequence TAG...TTA(T)GT...TT was essential for 3' end formation of the CYCl 
gene. Finally, Abe et al. (1990) identified an alternating T-A element required for 
termination of the GAL 7 gene. 
An interesting transcription termination region is located between the yeast 
genes RHOl and MRP2, since these genes are located so closely their 3' ends of their 
transcripts are complementary (Section I), yet the overlapping transcripts do not 
interfere with gene expression (Section II). RHOl is an essential, raa-homologous 
gene in S. cerevisiae thought to participate in regulation of the cell division cycle 
(Johnson et al., 1991; Madaule et al., 1987). On chromosome XIII RHOl is 
positioned adjacent to MRP2 (Myers et al.,1987), a gene coding for a mitochondrial 
ribosomal protein, such that the 3' ends of both genes are separated by only 281 
nucleotides. RHOl and MRP2 are convergently transcribed with their 3' mRNA ends 
overlapping by at least 111 nucleotides (Section 1). Functional significance could not 
be assigned to the transcriptional overlap; both RHOl and MRP2 mRNAs were 
properly terminated and polyadenylated in the absence of their antisense transcript, and 
functional proteins were produced from truncated versions of each gene in which the 3' 
noncoding domain was deleted (Section II). Therefore, it appears that RHOl and 
MRP2 are expressed independently of each other regardless of their transcriptional 
overlap. 
This report examines the structure and activity of the two functionally 
independent transcriptional terminators located adjacently in the RH01-MRP2 
intergenic region. This 281 bp region was dissected into sections, which were then 
inserted into a heterologous transcription unit and assayed for the ability to cause 
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premature termination of the transcript. Two bidirectional transcriptional terminator 
elements were identified. One element contains the tripartite sequence identified by 
Zaret and Sherman (1982), and the other contains a poly AT sequence shown by 
deletion analysis to be required for termination function. The data suggest that during 
evolution of the yeast genome RHOl and MRP2 were joined with an absolute 
minimum of non-expressed sequences between them, as well as two adjacent 
transcriptional termination regions preventing run through of RNA polymerase into the 
neighboring gene. 
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MATERIALS AND METHODS 
Strains and Media 
All yeast strains used in this study are were formed by transformation of wild 
type strain W303-11A (MATa, ade2, his3, leu2, trp2, ura3) with a series of plasmids 
described in Table 1. The transforming plasmids are based in the backbone vector 
YEp351 (Hill et al., 1986), marked by LEU2. Each plasmid comprises the 1.2 kb 
fragment of yeast DNA bearing the URA3 gene, or a modified version thereof. 
Escherichia coli strain TG-1 (Amersham Inc., Arlington, Hts., IL) was used for 
amplification and maintenance of plasmids. All media used in this study was described 
previously (Sections I and II). 
DNA Manipulations and Plasmid Constructions 
All DNA manipulations were carried out according to standard procedures, 
(Maniatis et al., 1989; Ausubel et al, 1989). Yeast chromosomal DNA was isolated as 
described (Section II). All plasmids used in the study are described in Table 1. 
Plasmid pJP212 was formed from pJP205 (Table 1) by site directed 
mutagenesis (Sayers et al, 1988) creating an artificial Nrul site at nt 831 (Section I, 
Figure 3) which will be referred to as N*. Site specific mutagenesis also was used to 
remove the AT repeat sequence TA 16, corresponding to nt 878 to 893 (Section I, 
Figure 2), in several plasmids. Oligonucleotide JP32 (Table 2) was used to remove the 
sequence from plasmids pJP223 and pJP225, to form pJP236 and pJP238, 
respectively. Oligonucleotide JP33 (Table 2) was used to remove the sequence from 
plasmids pJP222 and pJP224, to form pJP234 and pJP240, respectively. Plasmid 
pJP242 was formed from pJP238 (Table 1) by inserting a TA rich random sequence 
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Table 1. Plasmids 
Name Insert Position^ Source Vector Terminator 
pJP205 1569 bp EcoRl -180-138 pG89/ST32 pBS3 
pJP212 pJP205 with artificial 
Nrul site (*N) at nt 
831 
pJP220 1168bp//i>idin pUC18U 4 pUC118 
pJP227 1168bp//wdin pUC18U4 YEp35l5 
pJP224 245 bp Hpal- Nrul^ 654-899 pG89/ST32 pJP220 RHN 
pJP223 245 bp Hpal- NruO 654-899 pG89/ST32 pJP220 MNH 
pJP221 180 bp Hpa\-*Nrul^ 654-834 pJP212 pJP220 RHN* 
pJP226 180 bp Hpal-*Nruil 654-834 pJP212 pJP220 MN*H 
pJP222 70 bp *Nru\ ~ Nrul^ 834-899 pJP212 pJP220 RN*N 
PJP225 70 bp *Nrul - Nml^ 834-899 pJP212 PJP220 MNN* 
1 Nucleotide numbers correspond to Section I, Figure 2, Nucleotide numbers are 
shown only for fragments from the RH01-MRP2 region. 
2 Myers and Crivellone, (1987) 
3 Stratagene Cloning Systems, La Jolla, CA. 
4 Myers, unpublished 
5 Hill et al., (1986) 
^RHOl noncoding strand is transcribed in insert. 
7 RHOl coding strand is transcribed in insert 
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Table 1 (continued). Plasmids 
Name Insert Position 1 Source Vector Terminator 
pJP232 1418 bp //mdlll pJP224 YEp35l5 RHN 
pJP229 1348 bp///ndIII pJP221 YEp35l5 RHN* 
pJP233 1348bp///«dIII pJP226_ YEp35l5 MN*H 
pJP228 1238bp////idin pJP222 YEp35l5 RN*N 
pJP231 1238bp//mdIII pJP225 YEp35l5 MNN* 
pJP236 pJP223 with nt 878- — —  MNHA 
893 deleted 
pJP237 1402 bp //mdlll pJP236 YEp35l5 MNHA 
pJP240 pJP224 with nt 878- RHNA 
893 deleted 
pJP241 1402bp///«dIII pJP240 YEp35l3 RHNA 
pJP238 pJP225 with nt 878- ---- ---- MNN*A 
893 deleted 
pJP239 1332 hpHindlll pJP238 YEp35l3 MNN*A 
pJP234 pJP222 with nt 878- .... RN*NA 
893 deleted 
pJP235 1222bp//mdIII pJP234 YEp35l3 RN*NA 
pJP242 pJP238 with AT MNN*R 
r i ch  s equence  
replacing nt 878-893 
pJP243 1348 bp //mdlll PJP242 YEp35l3 MNN*R 
I l l  
Table 2. Synthetic Oligonucleotides 
Name Sequence 5' to 3' Position! Strand^ 
JP28 ATCATCTATTCGCXjAAAGAAGAAT 822-841 A 
JP31 GATGTTCGTACCACCAAGGA 335-354 C 
JP32 CCATGCGAAAGGGATACGCAC 900-894 B 
JP33 GTGCGTATCCCTTTCGCATGG 868-877 A 
JP34 GATGCGAAAGATTTCrAAATTTCAAT-
GGATACGCAC 
900-869 B 
p323 GCGTCGACTCTAGAGAATTC(T)17 -
p324 GCGTCGACTCTAGAGAATTC -
1 Nucleotide numbers correspond to Section I, Figure 2 
2 Coding RHOl is depicted by "A", noncoding RHOl is depicted by "B", coding 
URA3 is depicted by "C" 
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into the previous TA16 deletion corresponding to nt 878 to 893 (Section I, Figure 3). 
Oligonucleotide JP34 (Table 2) was used in this mutagenesis. 
Northern Hybridization Analysis 
Total yeast RNA preparation and Northern blotting analysis were performed as 
described previously (Section I). Linear, double stranded DNA probe D1168 was 
purified by digestion of pUClSU (Table 1) with ///ndlll, producing a 1168 bp 
fragment containing the yeast URA3 gene (Rose et al., 1983). The probe was 
synthesized with random sequence hexanucleotides used to prime DNA synthesis in the 
presence of a-32p-dCTP (NEN Research Products, Boston, MA) on denatured 
template DNA using a commercially available kit (Boehringer Mannheim Biochemicals, 
Indianapolis, IN). 
Amplification of cDNA 3' Ends 
Rapid amplification of cDNA ends (RACE) was accomplished using the 
polymerase chain reaction (PGR) as described in Section I of this dissertation. The 3' 
end of URA2 cDNA was amplified using oligonucleotide JP27 and p324. Table 2. 
Oligonucleotide p324 is expected to anneal to the 5' end sequence provided by p323 
(Table 2) during subsequent rounds of PGR amplification. 
To clone the 3' amplification products restriction enzyme digestion was carried 
out by adding 150 units oiXba 1 (recognition site located in p324) and 150 units of 
Eco RV (recognition site at URA3 nt 177). The liberated fi-agments were ligated into 
pUC 119 digested with XMI and Hindi as described in Section I of this dissertation. 
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RESULTS 
Dissection of ihsRHOl Terminator Elements 
To functionally dissect the terminator elements involved in RHOl or MRP2 
transcription, various fragments of the intergenic region were inserted into the yeast 
URA3 gene (Rose et al., 1983) at the unique Ncol site within the coding region. The 
mutant gene was cloned in YEp351, and introduced into yeast strain W303-11A. 
Termination function of the inserted sequence was measured by visualizing URA3 
transcripts using Northern hybridization analysis. The presence of truncated URA3 
transcripts indicated the inserted region functioned as a transcription terminator. In this 
part of the results section all inserts in URA3 are in the orientation corresponding to 
transcription termination of RHOl. 
Plasmid pJP232 contains a 245 bp fragment of the RHOl -MRP2 intergenic 
region at the Ncol site of URA3 (Figure 1). This insert, termed RHN (RHOl 
orientation, from Hpal to l±ru\) comprises nt 654 to nt 899 (Section I, Figure 2), and 
thus contains all but 36 nt of the intergenic region. Furthermore, fragment RHN 
contains all polyadenylation sites detected in wild type RHOl and MRP2 transcripts 
(Section 1). The strain containing RHN insert plasmid pJP232 is termed terminator 
strain RHN. The control strain for this experiment, JP-14, contains plasmid pJP227 
(Table 1), comprising the wild type URA3 fragment in YEp351. Northern 
hybridization analysis showed control strain JP-14 contained elevated levels of URA3 
transcripts, as expected from the high copy number of pJP227, and the extra transcripts 
were the same size as the URA3 transcript detected in the wild type parent (Figure 2). 
Terminator strain RHN, however, contained normal levels of wild type URA3 
transcript. An additional URA3 transcript was also detected, presumably derived from 
Figure 1. Structure of RHOl terminator strains. A 1569 bp genomic DNA fragment 
containing the wild type RHOl and MRP2 loci is shown. The coding regions of RHOl 
and MRK are shown by the solid and stipeled arrows respectively, with arrows 
pointing in the 5' to 3' directions. The locations of recognition sites for Hpal (H), 
and *Nrul (N*) and Nrul (N) are marked. The terminator elements were inserted in the 
RHOl orientation into the Ncol site of URA3 at nt 206. URA3 is depicted by the 
striped arrow indicate the direciton of transcription. All insetions in URA3 were 
examined by sequence analysis. The "A" denotes a mutation in which TA 16 
corresponding to RHOl nts 878 - 893 was deleted. 
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Figure 2. Transcription of URA3 in RHOl terminator strains. 5^lg aliquots of total 
RNA isolated from JI//OI terminator strains, a control strain harboring a wild type 
plasmid copy of C/RAJ (JP-14), and W303-11B were separated on a denaturing 
formaldehyde agarose gel, transferred to nitrocellulose and hybridized to probe D1168 
complimentary to the (/RA3 gene. Molecular sizes as determined by migration of an 
RNA ladder on a stained portion of the gel are shown. 
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the plasmid. The size of this transcript was estimated to be approximately 650 nt in 
length, corresponding to the size expected if insert RHN caused termination of the 
URA3 transcript (Figure 2). These data suggest fragment RHN effectively terminates 
transcription and/or causes transcript processing leading to polyadenylation. 
To localize further the RHOl element responsible for URA3 transcription 
termination, the RHN fragment was divided into two smaller fragments with the use of 
an artificial Nrul restriction site, N*, positioned at nucleotide 831 by site directed 
mutagenesis (Table 1). The restriction fragments RHN* of 180 nucleotides and RN*N 
of 70 nucleotides were then inserted into the plasmid copy of the URA3 gene (Figure 
1) such that the RHOl coding strand was transcribed. Northern hybridization analysis 
detected a large amount of truncated URA3 transcripts from strain RHN*, without 
detecting any runthrough transcripts (Figure 2). In contrast, the great majority of 
URA3 transcripts ran through terminator fragment RN*N. However, a slight amount 
of truncated product also was detectable (Figure 2, for a longer exposure see Figure 8). 
Therefore, a functional RHOl terminator is located entirely within fragment RHN*, 
between nt 654 and nt 833 (Section I, Figure 2), with an additional weak terminator site 
located in fragment RN*N, between nt 833 and nt 908. 
The location of the polyadenylation sites of truncated URA3 transcripts caused 
by insertion of terminator fragments RHN, RHN*, and RN*N was examined by 
sequence analysis of PGR amplified cDNA clones (see Materials and Methods). Figure 
3 illustrates the transcripts produced from each insertion in URA3, and denotes their 
polyadenylation sites. Terminators RHN and RHN* both caused polyadenylation at 
nucleotides also used as polyadenylation sites in wild type RHOl transcripts or else 
within a few nucleotides of wild type termination sites (see Section I, Figure 9). URA3 
transcripts terminated by RN*N had 3' ends 38 to 52 nucleotides beyond the RHOl 
Figure 3. Nucleotide sequence analysis of truncated URA3 transcripts in RHOl 
terminator strains. A 1569 bp genomic DNA fragment containing the wild type RHOl 
and MRP2 loci is shown. The coding regions of RHOl and MRP2 are shown by the 
solid and stipeled arrows respectively, with arrows pointing in the 5' to 3' directions. 
The locations of recognition sites for EcoRl (E), Hpal (H), and Nrul (N) are marked. 
RHOl terminator strains with insertions in URA3 are shown. URA3 transcripts are 
depicted by solid lines. Fusions into the RHOl terminators are depicted by dotted 
lines. Termination sites are indicated by RHOl nt numbers. 
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fragment insertion. These termination sites seemingly are not related to termination 
sites used in the wild type RHOl gene. The presence of these termination products, 
however, confirm the ability of fragment RN*N to act as a weak transcription 
terminator. 
MRP 2 Terminator Elements 
In an analogous experiment the MRP2 transcriptional terminator elements were 
functionally dissected by inserting various fragments of the RH01-MRP2 intergenic 
region into the yeast URA3 gene in the MRP2 orientation, and then testing their ability 
to terminate URA3 transcription. Plasmid pJP230 (Table 1) has the 245 bp terminator 
fragment MNH (^RP2 orientation, from tLrul to Hpal) fragment inserted at the URA3 
Ncol site (Figure 4). Northern analysis was used to determine the effects of the MNH 
insertion on URA3 transcription (Figure 5). The URA3 probe D1168 detected 
truncated URA3 transcripts of approximately 450 nt produced in terminator strain 
MNH, in addition to wild type transcripts of approximately 1350 nt derived from the 
chromsomal URA3 locus. No run through transcript of the mutant URA3 gene was 
detected. Thus, the MNH fragment very efficiently terminated URA3 transcription. 
To locate more precisely the MRP2 elements responsible for URA3 
transcription termination the MNH fragment was divided into two smaller fragments 
with the use of the artificial Nru I site (N*) created at position 831. The restriction 
fragments MNN* of 70 nucleotides and MN*H of 179 nucleotides (Table 1) each were 
inserted into the plasmid copy of URA3 (Figure 4). In terminator strain MNN* the 
URA3 probe again detected large amounts of truncated URA3 transcripts (Figure 5). A 
relatively small amount of run through transcript also was present, indicating fragment 
MNN* is a slightly less efficient terminator than fragment MNH. Terminator strain 
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Figure 4. Transcription of URA3 in MRP2 terminator strains. 5 |ig aliquots of total 
RNA isolated from MRP2 terminator strains, a control strain harboring a wild type 
plasmid copy of £//îi45,(JP-14), and W303-11B were separated on a denaturing 
formaldehde agarose gel, transferred to nitorcellulose and hybridized to probe D1168 
which is complimentary to URA3. Molecular sizes as determined by migraton of an 
RNA ladder on a stained protion of the gel are shown. 
Figure 5. Structure of MRP2 terminator strains. A 1569 bp genomic DNA firagment 
containing the wild type RHOl and MRP2 loci is shown. The coding regions oiRHOl 
and MRP2 are shown by the solid and stipeled arrows respectively, with arrows 
pointing in the 5' to 3' directions. The locations of recognition sites for Hpal (H), 
and *NniL (N*) and Nru\ (N) are marked. The terminator elements were inserted in the 
MRP2 orientation into the Nco I site of URA3 at nt 206. URA3 is depicted by the 
striped arrow which indicating the direciton of transcription. All insetions in URA3 
were examined by sequence analysis. The "A" denotes a mutation in which TA16 
corresponding to RHOl nts 878 - 893 was deleted. 
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MN*H did not contain detectable truncated URA3 transcripts, but instead contained a 
large amount of run through transcript (Figure 5). These date indicate fragment 
MNN*, comprising nt 908 to nt 834 (Section I, Figure 2) possesses the terminator 
elements responsible for truncating the URA3 transcript. 
The polyadenylation sites in the truncated URA3 transcripts of terminator 
strains MNH and MNN* were determined by sequence analysis of amplified 3' URA3 
cDNA clones. Figure 6 illustrates the fusion transcripts produced form each strain and 
denotes their polyadenylation sites. In both strains the fusion transcripts were found to 
be polyadenylated either at or within two nucleotides of a polyadenylation site detected 
in wild type MRP2 transcripts (see Section I, Figure 10). Therefore the region of 
MRP2 responsible for directing transcription termination and/or polyadenylation is 
located entirely within the 70 nt terminator fragment MNN*. 
Deletion Mutagenesis of the MRP 2 Terminator Element 
Terminator MNN* contains a 16 nt sequence consisting of alternating T and A 
residues termed TA 16 (nt 893 to nt 878; Section I, Figure 2). Because a similar 
sequence element was implicated previously as a transcriptional termination signal (Abe 
et al., 1991), TA16 was examined for this function in MRP2. Site directed 
mutagenesis was used to delete TA 16 from MNH (Table 1) forming terminator 
fragment MNHA (MRP2 orientation, from Hirul to//pal with TA16 deleted [A]). 
Terminator fragment MNHA was inserted in URA3, and its effects on transcription 
termination were analyzed by Northern hybridization analysis using URA3 probe 
D1168. Figure 7 shows that terminator strain MNHA contains primarily read through 
transcript from the modified URA3 gene. A minor amount of truncated transcript was 
detected, however, this material was evident as a broad band not corresponding in 
Figure 6. Nucleotide sequence analysis of truncated URA3 transcripts in MRP2 
terminator strains. A 1569 bp genomic DNA fragment containing the wild type RHOl 
and MRP2 loci is shown. The coding regions of RHOl and MRP2 are shown by the 
solid and stipeled arrows respectively, with arrows pointing in the 5' to 3' directions. 
The locations of recognition sites for EcoRI (E), Hpal (H), and Nrul (N) are 
marked.Mi?P2 terminator strains with insertions in URÀ3 are shown. URA3 
transcripts are depicted by solid lines. Fusions into the MRP2 terminators are depicted 
by dotted lines. Termination sites are indicated by RHOl nt numbers. 
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Figure 7. Transcription of URA3 in mutated MRP2 terminator strains. A) 5 ng 
aliquots of total RNA isolated from MRP2 terminator strains, control strain JP-14 
and W303-11B were separated on a denaturing formaldehyde agarose gel and 
transferred to nitrocellulsoe. Blots were hybridized to probe D1168 (materials and 
methods) complementary to the URA3 transcript. Molecular sizes as determined 
by migration of an RNA ladder are shown. 
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molecular weight to the size of the precise termination product seen for the intact MNH 
terminator. Deletion of TA 16 from terminator MNN*, to form terminator MNN* A 
(Table 1), again eliminated terminator function of the fragment (Figure 5, Figure 7). 
These date suggest TA 16 is required for terminator function of fragment MNH. 
The essential function of TA 16 in transcription termination could derive from 
sequence specificity, AT content, or spacing of other sequence elements in the 
terminator. To discriminate between these possibilities TA 16 was replaced by the 16 nt 
AT rich, scrambled sequence ATTTCTAAATTTCAAT. The scrambled sequence was 
inserted into fragment MNN*A, producing terminator fragment MNN*R (MRP2 
orientation, from Mrul to Hpal with TA 16 replaced by a scrambled AT rich sequence). 
Northern hybridization analysis showed terminator strain MNN*R (Figure 5) contained 
a high level of readthrough transcript from the modified URA3 gene, with no detectable 
truncated transcript. Thus, the essential function of TA 16 could not be restored by an 
AT rich element of the same size. These data imply the function of TA 16 is sequence 
specific and may provide a binding site for a trans acting protein. 
Deletion Mutagenesis of the RHOl Terminator Element 
The nucleotide sequence between the native Nrul site at nt 908 and the 
introduced Nrul site at nt 833 seemingly functions as a bidirectional terminator, 
although in the MRP2 orientation (MNN*) the element is close to 100% efficient 
whereas in the RHOl orientation (RN*N) it is very inefficient. TA 16 may provide a 
bidirectional function because of its symmetric nucleotide sequence. Thus, TA 16 was 
tested for function in the RHOl terminator by deletion analysis. TA16 was deleted 
from terminator fragment RHN to form fragment RHNA (Table 1). Northern 
hybridization analysis of strain RHNA detected the presence of truncated transcripts, 
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but also a significant amount of readthrough transcript compared to terminator strain 
RHN (Figure 1, Figure 8). 
TA16 also was deleted from fragment RN*N, to form fragment RN*NA (Table 
1). In this instance readthrough transcript was the only product detected from the 
modified URA3 gene (Figure 8). The trace amount of truncated product observed for 
the parent fragment RN*N was not detected in terminator strain RN*NA. 
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Figure 8. Transcription of URA3 in mutated RHOl terminator strains. Total RNA 
(5 |ig) isolated from the indicated RHOl terminator strains, control strain JP-14 and 
W303-11B were separated on a denaturing formaldehyde agarose gel and 
transferred to nitrocellulsoe. Blots were hybridized to probe D1168 complimentary 
to the URA3 transcript. A longer exposure is shown for strains RN*Na and 
RN*N. Molecular sizes as determined by migration of an RNA ladder are shown. 
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DISCUSSION 
The elements regulating RHOl and MRP2 transcription termination were 
examined by inserting DNA fragments from the intergenic region into URA3 and 
monitoring tJRA3 transcription termination by Northern hybridization analysis and 
cDNA cloning. The entire intergenic fragments RHN and MNH were found to 
e f fec t ive ly  t e rmina te  URA3 t r ansc r ip t ion  a t  wi ld  type  RHOl  and  MRP2 
polyadenylation sites respectively. 
By dissecting the 245 nucleotide intergenic region, it was shown that restriction 
fragment RHN* was sufficient to terminate URA3 transcription. The restriction 
fragment RN*N however, terminated only a minor amount of URA3 transcripts. 
Therefore, a functional RHOl terminator is located entirely within fragment RHN*, 
with an additional weak terminator site located in ftagment RN*N, 
Analogously, in the opposite orientation, restriction fragment MNN* very 
efficiently terminated URA3 transcription (Figure 5). Restriction fragment MN*H 
however, did not terminate detectable levels of URA3 transcripts. Thus fragment 
MNN*, possesses the terminator elements responsible for truncating the URA3 
transcript. 
Together, these findings demonstrate that the 70 nt restriction fragment RN*N, 
(also called MNN*) contains a bidirectional terminator element which efficiently 
terminates transcription in the MRP2 orientation and inefficiently terminates 
transcription in the RHOl orientation suggesting the need for auxiliary signals at or 
near the sight of polyadenylation. Further analysis of the bidirectional terminator 
element within fragment MNN*, identified a 16 nt sequence termed TA 16 as being was 
essential for MRP2 transcription termination. TA 16 was eliminated from fragment 
MNN* forming MNN*A which could not terminate URA3 transcription. The TA16 
deletion in RHOl terminator fragments had similar effects. URA3 transcription was not 
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truncated as efficiently in RHOl terminator strains containing TA 16 deletions as in 
strains containing the wild type fragments. 
TA 16 was further investigated in terms of sequence specificity by. introduction 
of a 16 nt scrambled sequence in its place Replacement of TA 16 with the scrambled 
sequence in fragment MNN* prevented URA3 transcript truncation suggesting TA16 
functions in a sequence specific manner. It is likely therefore, that T16 provides a 
binding site for a factor involved in processing MRP2 transcripts. Since TA16 is not 
sufficient to efficiently terminate transcription, a complex of several proteins is 
probably involved that bind auxiliary sequences near the polyadenylation site 
In summary, the intergenic region between RHOl and MRP2 contains two 
independent terminator elements responsible for the independent processing of 
overlapping transcription from both genes, Figure 9. A RHOl terminator element is 
found in fragment RHN and a MRP2 terminator element is found in fragment MNN*. 
A bipartite Zaret and Sherman sequence(1982) located within the RHN fragment 
probably terminates the majority of RHOl transcripts. Additionally, the TA16 element 
could process RHOl transcripts not terminated by the Zaret and Sherman sequence. 
Finally, the TA16 which resembles a GAL7 terminator (Abe et al., 1991) element 
probably terminates MRP2 transcription. Also found with the 70 nucleotide fragment 
are two Henikoff elements (Figure 9), separated by 63 nucleotides in the MRP2 
orientation. ' Their role in termination of MRP 2 transcription is unknown, however, 
this report demonstrates that at least one of them is not essential since it is not included 
in  the  inse r t ion  f r agment .  The  o the r  i s  pos i t ioned  ve ry  c lose ly  to  MRP2 
polyadenylation sites and may act as an auxiliary termination signal. 
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Figure 9. RHOl and MRP2 terminator elements. The 281 nt nontranslated region shared 
by RHOl and MRP2 transcripts is represented by the open box. RHOl and MRP2 
translation stop codons are shown. The RHOl transcript is depicted by the solid arrow. 
The MRP2 transcript is depicted by the dotted arrow. The nt sequence of putative RHOl 
and MRP2 terminator elements corresponding to RHOl nt 716 - 724 and 878 - 893 are 
shown. The TA16 terminator element shared by RHOl and MRP2 is located 21 nt 
downtream from the MRP2 translation stop codon. Two MRP2 Henikoff elements with 
the sequence TATTTTT are shown. They correspond to RHOl nts 840-846 and 902-908 
(see SectionI, Figure 2). 
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Perhaps through evolutionary compaction of the yeast genome, bifunctional 
transcription terminator elements have been formed. The intergenic region between 
RHOl and MRP2 not only provides an efficient means of independently processing 
overlapping transcripts, but also provides at least two independent terminator elements 
for RHOl transcription termination. Therefore, yeast have seemingly formed a fail safe 
means of preventing antisense inactivation of RHOl and MRP2 and perhaps other 
genes through transcription terminator function. 
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SECTION IV. EXAMINATION OF THE FUNCTIONAL HOMOLOGY 
BETWEEN THE HUMAN GENE rhoHll AND THE 
YEAST GENE 
138 
Examintion of the functional homology between the human gene rhoH12 
and the yeast gene RHOl 
Julie A. Peterson 
Alan M. Myers 
Department of Biochemistry and Biophysics 
Iowa State University 
Ames, lA 50011 
139 
ABSTRACT 
Rho genes and their ras relatives are most highly conserved in specific domains 
implicated in the binding and hydrolysis of GTP. RHOl is unique among most rho 
genes and other ras related genes in its GTP binding 04 region. Region G4 most 
frequently comprises the amino acids sequence NKXD. RHOl however, codes for 
amino acids CKXD in region G4. Remarkably, human rhoHll is 81.8% identical to 
RHOL This report demonstrates that neither wild type rhoH12 or mutant alleles of 
rhoH12 coding for a cysteine residue in 04 can substitute for RHOl in yeast cells. 
These findings indicate the 18% difference between RHOl and rhoH12 provides an 
essential functional and or structural uniquenesss in yeast and human cells. 
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INTRODUCTION 
Rho genes code for a family of guanine nucleotide binding proteins with 
approximately 30% amino acid homology to p21^"^s proteins. Like ras genes, rho 
genes are ubiquitously expressed and extremely conserved throughout evolution 
(Madaule and Axel 1985; Avraham and Weinberg, 1989; Yermian et al., 1987). For 
example, certain rho genes of yeast, molluscs and humans share more that 70% amino 
acid homology in three way alignments (Madaule et al., 1987). Sequence comparisons 
of rho and ras proteins reveal highly conserved regions implicated in OTP binding and 
hydrolysis (Pai et al., 1990) as well as regions of complete sequence divergence 
(Madaule and Axel, 1985; Bourne et al., 1991). 
The precise biochemical function of rho proteins is unknown, however, they 
have been implicated in controlling cell morphology in both mammals and the yeast 
Saccharomyces cerevisiae. Inactivation of mammalian rho proteins in tissue culture 
cells by ADP-ribosylation with exoenzyme C3 (Chardin et al., 1989) caused 
disappearance of actin filaments resulting in a rounded up cell morphology. 
Conversely, microinjection of activated rho proteins into mammalian cells caused a 
polymerization of actin cables leading to contraction of the cell (Paterson et al., 1990). 
Yeast activation of the Rholp protein coded for by RHOl prevented morphological 
development leading to bud formation, and inactivation of Rholp caused morphological 
abnormalities indicative of excessive bud growth (Johnson et al., 1991). Thus, rho 
protein function may be conserved in eucaryotic cells as a regulator of morphological 
development. 
Three highly conserved human rho genes have been identified through 
screening a human peripheral T-cell cDNA library using a rho cDNA clone from the 
mollusc Aplysia (Madaule and Axel, 1985), namely rhoH12, rhoH6 and rhoH9. The 
141 
rhoH12 gene product shares 88% amino acid identity with that of rhoH6, 96.8% 
similarity with the Aplysia rho gene product, and 81.8% similarity with the RHOl gene 
product (Avraham et al., 1989). The strong similarity shared by rhoHll, Aplysia rho 
and yeast RHOl is suggestive of their conserved function throughout evolution 
(Madaule et al., 1987). 
Another example of highly conserved rho genes is the similarity between 
Cdc42p, the product of the yeast gene CDC42, and its human homolog G25K, which 
is approximately 75% at the amino acid level. Cdc42p is approximately 55% identical 
to Rholp. In this instance the human gene is able to compensate for loss of function of 
the yeast gene, a direct indication of functional conservation in evolution. 
This study examines the functional conservation of the yeast gene RHOl and its 
human homolog rhoH12. To do so rhoH12 was expressed in yeast and tested for the 
ability to compensate for a null mutation in RHOl, which is lethal in normal 
circumstances. The results showed Rholp and rhoH12 are not functionally 
homologous, despite containing identical amino acids at 82% of their residues. 
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MATERIALS AND METHODS 
Plasmid Constructions 
The relevant features of plasmids used in this study are shown in Table 1. 
Plasmids pMMlOl and pMM102 (Section II) contain RHOl as a 1.6 kb EcoRI 
f ragment  c loned  in  the  ep i somal  vec to r s  YEp351  (LEU2)  or  YEp352  {URA3) ,  
respectively. 
Table 1. Plasmids 
Name Promoter Coding region Marker 
pMMlOl RHOl RHOl LEU2 
pMM102 RHOl RHOl URA3 
pMM104 GALI rhoH12 URA3 
pMM106 RHOl rhoH12 URA3 
pJP201 GALI rhoH12-Cysll7 URA3 
pJP202 RHOl rhoH12-Cysll7 URA3 
Plasmid pMM104 is a centromeric plasmid comprising the coding domain of 
rhoH12 (Yermian et al., 1987) fused to the yeast GALI promoter (Johnston and Davis, 
1984). It was constructed in several steps. First, a BaniHl site was constructed 10 nt 
upstream of the rhoH12 ATG initiation codon in plasmid pBSrhoH12, by site-specific 
mutagenesis using oligonucleotide JP40 (5' CGGATTCGGATCCTGAGC 3', starting 
at nt -19 of the rhoH12 coding strand (Yermian et al, 1987). A 926 bp fragment 
containing the entire rhoHll coding domain was isolated from the resultant plasmid, 
pMrhoH12, and ligated into the unique BamHI site of pBMlSO (Johnston and Davis, 
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1984). This 5amHI site is located in the GALl promoter, 10 nt upstream of the 
initiation codon of that gene. Thus, plasmid pMM104 is a centromeric plasmid 
expected to express rhoHll at high levels in the presence of galactose, but not to 
express rhoH12 in the presence of glucose owing to repression of the GALl promoter. 
pMM106 is a centromeric plasmid comprising the coding domain of rhoH12 fused to 
the RHOl promoter, constructed as follows. The RHOl promoter consisting of nt 982 
to nt -10 relative to the RHOl translation initiation codon (Section I, Figure 2) was 
obtained through site directed mutagenesis of plasmid pJP255 (J. Peterson, 
unpublished) using oligonucleotide JP41 (5'AAAATTATAGGATCCTAGAAAGA 3', 
beginning at nt -17). This mutagenesis produced plasmid pRHOlp, which supplied the 
RHOl promoter as a 1045 nt //indlll-BamHi fragment. This fragment was then 
inserted into pBMlSO, replacing the Ecd^-BamRl fragment containing the GALl-
GALIO intergenic region, forming plasmid pMMlOS. Finally, the 926 bp BamHl 
fragment containing rhoH12, from plasmid pMrhoH12, was inserted into the unique 
BamHI site of pMM105, forming pMM106. 
pJP201 and pJP202 are identical to pMM104 and pMM106, respectively, 
except for a mutation causing an asparagine to cysteine substitution at amino acid 
position 117. The mutation was constructed by site directed mutagenesis of plasmid 
pMrhoH12 using oligonucleotide JP23 (5' CTGGTTGGGTGTAAGAAGGAT 3'. 
beginning at nt 340 relative to the rhoH12 ATG translation initiation codon). The 
mutated 926 bp BamHI fragment containing the mutant gene rhoH12-Cysll7 was then 
inserted into pBMlSO or pMMlOS, forming plasmids pJP201 and pJP202, 
respectively. 
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Strains and Media 
Yeast strains used in this study are derived from strain S109 {M AT a, 
rhol::HIS3, trpl, leu2, his3, ura3, adel + [pMMlOl]) (A. Myers, unpublished). 
Strains MM120, MM121, and MM122, JP-1, and JP-2 were formed by transformation 
of S109 with pMM102, pMM104, and pMM106, pJP201, and pJP202, respectively. 
Transformants were selected and maintained on minimal medium (TWO or WO) 
lacking uracil, histidine, and leucine, thus maintaining selection for the incoming 
plasmid, the disrupted gene rhol::HIS3, and pMMlOl, respectively. All media used 
for yeast were described previously (Section II). Escherichia coli strain was used for 
maintenance and amplification of plasmids. E. coli cells were grown in LB medium 
supplemented with ampicillin at 40 p.g/ml as required (Maniatis et al., 1989) 
Northern Hybridization Analysis 
Northern hybridization analyses and random primer lableling of double stranded 
DNA probes were performed as described previously (Section I). Double stranded 
DNA probe EC440, specific for RHOl transcripts, was synthesized as described in 
Section I Double stranded DNA probe B926, specific for rhoH12 transcripts, was 
obtained by digestion of pMrhoH12 with BamlU. producing a 926 nt DNA fragment 
containing the rhoH12 gene (Yermian et al., 1987). 
Protein Isolation 
Total yeast lysates were prepared from 20 A^OO units of cells grown overnight 
to mid log phase in rich medium containing 2% glucose (YPD) or 2% galactose 
(YPGal). The cells were harvested by centrifugation for 10 min at 3000 rpm, washed 
once with sterile water and resuspended in lysis buffer (100 mM Tris-HCl pH 8.0, 
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ImM DTT, ImM MgCl2,20% glycerol). Cells were pelleted by centrifugation at full 
speed in a microfuge for 5 min, and the pellet was frozen overnight at -70°C. The 
pellet was thawed and resuspended in 400 (il ice cold lysis buffer, and 400 p.1 glass 
beads were added. All subsequent manipulations were carried out at 40C. The slurry 
was vortexed 6 times in 1 min bursts to disrupt the cells. The cell lysate was purified 
by centrifugation in a microfuge for 30 min at full speed. The lysate was treated with 
the following proteinase inhibitors at Img/ml: PMSF, leupeptin, chymostatin, 
pepstatin, antipain and apotinin (Sigma Chemical Co., St.Louis, MO). To remove 
small molecules, particularly NADH, the lysate was concentrated to approximately 20 
Hl by centrifugation in a Centricon 10,000 spin filter unit (Amicon Corporation, MA), 
then diluted with lysis buffer to a total volume of 400 |il. The concentration and 
dilution process was repeated twice. Total protein content in the lysates was quantified 
using Bradford reagent (Bradford 1976). 
ADP-Ribosylation of Rho Proteins 
Exoenzyme C3 prepared from culture supematent of C. Botulinum strain 
1873-D as described by Rubin et al. (1988) was provided by Dr Patrice Boquet 
(Pasteur Institute, Paris, France). Total cell lysate containing 4 p.g of protein was 
treated with exoenzyme C3 at 0.003 |ig/ml in C3 labeling mix (0.132 M HEPES pH 
8.0,0.1122 M MgCl2,0.0022M AMP [Sigma Chemical Co.)] 2.5 ^M 32p.NAD [250 
Ci/nmiole; DuPont NEN Radiochemicals] at 37°C for 60 min, as described by Rubin et 
al. (1988). Proteins in the lysate were denatured and separated by SDS-PAGE in 15% 
acrylamide (Laemmli, 1970), and the dried gel was exposed to Xray film to visualize 
ADP ribosylated products. 
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RESULTS 
Attempted Substitution of rhoH12 for RHOl in Yeast 
The ability of human rhoHll to function in place of RHOl was tested in yeast 
cells using a plasmid shuffle experiment. The strains used in these experiments all 
contain the inactive allele rhol::HIS3 at the chromosomal RHOl locus. Wild type 
RHOl is supplied by plasmid pMMlOl, marked by the plasmid-bome gene LEU2. In 
the absence of any other plasmid pMMlOl is essential in this genetic background, 
because loss of RHOl function is lethal (Madaule et al., 1987). In these experiments 
additional plasmids marked by URA3 were added to S109, and tested for the ability to 
allow loss of pMMlOl. If so, the introduced plasmid must provide RHOl function. 
The plasmids tested for RHOl function in this way are described in Table 1. 
Strain MM120 possesses as the additional plasmid pMM102, which contains a wild 
type copy of RHOl. Strain MM121 possesses as the additional plasmid pMM104, 
which contains rhoHll under control of the GALl promoter (Figure 1). Strain 
MM122 possesses as the additional plasmid pMM106, which contains the rhoH12 gene 
under control of the RHOl promoter (Figure 1). All three strains were maintained on -
His, -Leu and -Ura selective medium, ensuring retention of both plasmids. 
Northern hybridization analysis was used to ensure rhoHll was expressed in 
the yeast strains. Strain MM122 was expected to produce a rhoHll transcript of 
approximately 900 nt in length, whereas strain MM 121 was expected to produce a 
slightly shorter rhoH12 transcript because of a slight deletion caused by fusion of 
rhoH12 to the GALl promoter in pMM104. Probes EC440 and B926 were used to 
detect the RHOl and rhoH12 transcripts, respectively (see Materials and Methods). 
EC440 detected RHOl transcripts of wild type length (Section I, Figure 1) in all strains 
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GAL1-GAL10 RhoH12 
\////////ZZZZ\ 
RHOI promoter RhoH12 
^^///////////\ 
D E E E B B 
pMM104 
Amp URA3 
CEN4 
pMM106 
Amp URA3 
CEN4 
Figure 1. Structure of rhoH12 plasmids. Restriction sites are marked as follows: 
EcoRl (E), Bamyi (B), and HindHl (D). Genetic markers are shown. Direction of 
rhoH12 transcription is indicated by the arrows. pMM104 was transformed into S109 
cells forming strain MM121 (see materials and methods). pMM106 was transformed 
into S109 cells forming strain MM121 (see Materials and Methods). 
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grown in either glucose (YPD) or galactose (YPGal) (Figure 2), In MM122 cells, 
where rhoH12 is under control of the RHOl promoter, probe B926 detected rhoHll 
transcripts of approximately 850 nt in either YPD or YPGal cultures (Figure 2). In 
MM121 cells, where rhoHll is under control of the GALl promoter, very little 
rhoH12 transcript was detected in YPD cultures, but an abundant transcript of 
approximately 800 nt was detected in YPGal cultures. These date indicate rhoH12 is 
transcribed from pMM104 and pMM106 in the expected regulatory fashion, 
Rho protein ADP-ribosylation assays were used to examine the production of 
RHOl and rhoH12 proteins in strains MM120, MM121 and MM122. C. botulinum 
ADP-ribosyltransferase C3, which selectively ADP-ribosylates rho proteins closely 
related to Rholp (Chardin et al., 1989; Aktories et al., 1988; MacCaffrey et al., 1991) 
was incubated with 32p.NAD and protein extracts isolated from all strains grown in 
YPD or YPGal. The levels of ADP-ribosylated products were visualized after 
electrophoresis and exposure of the polyacrylamide gel to X ray film (Figure 3). 
Approximately equal amounts of Rho proteins were detected in all strains except strain 
MM121 grown in galactose, in which a significantly higher level of Rho protein was 
detected. Though C3 toxin did not distinguish between RHOl and rhoH12 expression, 
these data indicate rhoH12 was produced in strain MM 121 because rhoH12 is the gene 
induced by galactose. Taken together the analysis of rhoH12 transcription and protein 
production indicate rhoH12 is expressed in MM121, and most likely in MM122 as 
well. 
Plasmid segregation tests were used to determine whether expression of 
rhoH12 could substitute for the loss of RHOL Strains M120, MM121 and MM122 
were transferred to nonselective media containing glucose or galactose, allowing loss of 
nonessential plasmids by random segregation during mitotic growth. Single colony 
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Figure 2. Transcription of RHOl and rhoHll in strains MM121 and MM122. 4^g 
aliquots of total RNA isolated from strains MM121, MM122 and control strain MM120 
harboring a plasmid copy of wild type RHOl were separated on a denaturing 
formaldehyde agarose gel, transferred to nitrcxzellulose. Filters were hybridized with 
probes EC440 and B926 (Section I, Figure 3) to detect the RHO\ and rhoH12 
transcripts respectively. Growth in glucose and galactose is indicated. Molecular sizes 
as determined by migration of an RNA ladder on a stained portion of the gel are shown. 
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Figure 3. Detection of RHOl and rhoHll proteins in strains MM121 And MM122. 
Protein extracts from strains MM120, MM121 and MM122 grown in glucose (D) or 
galactose (G) were ADP-ribosylated by C3 exoenzyme as described in materinals and 
methods. The reactions were then andyzed by 15% SDS-PAGE. Molecular sizes as 
determined by migration of protein molecular weight standards are shown. 
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purified cells were then tested for retention of plasmids by replicaplating to -Leu and -
Ura media. Table 2 denotes the percentage of cells that retained each marker. Control 
strain MM120 readily lost either the URA3 OTLEU2 marker, as expected because both 
plasmids in the strain contain wild type RHOl. In contrast, 100% of the single 
colonies from MM121 and MM122 were leucine prototrophs, indicating pMMlOl and 
its wild type RHOl gene were retained. These data indicate plasmids expressing 
rhoH12 are not capable of supplying function in yeast This observation applied 
to pMM106, expected to supply levels of rhoH12 roughly equivalent to the normal 
level of Rholp, and to pMM104 in YPGal grown cells, known to produce a relatively 
high level of rhoH12 (Figure 3). Finally, MM121 cells grew equally well in glucose 
and galactose, indicating high levels of rhoH12 were not deleterious to normal cell 
growth. 
Attempted Substitution of rhoH12-Cysll7 for RHOl 
The failure of rhoH12 to provide Rholp function in yeast, despite the 80% 
amino acid identity between the two proteins, may be due to an unusual cysteine 
residue at position 122 in Rholp, which in rhoH12 and almost every other G protein is 
an asparagine residue. The functional significance of the unique cysteine 122 residue in 
RHOl was studied by changing the corresponding asparagine residue in rhoH12 to 
cysteine, forming allele rhoH12-Cysl 17,.and testing the ability of the mutated rhoH12 
to substitute for RHOl in yeast using a plasmid shuffle experiment. Plasmids pJP201 
and pJP202 (Table 1) were transformed into strain S109, forming strains JP-1 and JP-
2, respectively. JP-1 and JP-2 are analogous to MM121 and MM122 except for the 
Asn to Cys mutation in rhoH12 Northern hybridization analysis indicated rhoH12-
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Cysll7 was indeed transcribed from the GALl and/?//<?i promoters in the same 
regulated fashion as the wild type gene (Figure 4). 
Table 2. Plasmid segregation data 
Strain % Leu+ % Ura+ Carbon Source 
MM120 64 62 Glucose 
MM121 100 79 Glucose 
MM122 100 67 Glucose 
JP-1 100 84 Glucose 
JP-2 100 79 Glucose 
MM120 74 64 Galactose 
MM121 100 72 Galactose 
MM122 100 72 Galactose 
JP-1 100 79 Galactose 
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Figure 4. Transcription of RHOl and mutated rhoHll in strains JP-1 and JP-2. 
Total RNA (2 ng) isolated from strains MM120, JP-1 and JP-2 grown in glucose or 
galactose were separated on a denaturing formaldehyde agarose gel and transferred to 
nitrocellulose. Blots were hybridized to probes EC440 and B926 to detect the RHOl 
and rhoH12 transcripts respectively. Molecular sizes as determined by migration of an 
RNA ladder on a stained portion of the agarose gel are shown. 
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The plasmid shuffle experiment again showed the rhoH12 plasmids pJP201 and 
pJP202 were unable to allow loss of plasmid pMMlOl and its wild type RHOl gene. 
Thus, conversion of Asnll7 to Cysll7 in rhoH12, creating even more homology 
between rhoH12 and RHOl, did not impart function to the human gene in yeast cells. 
Furthermore, the mutated human gene did not cause any obvious deleterious effects in 
yeast. 
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DISCUSSION 
Nucleotide sequence analysis of rho genes and their ras relatives indicates they 
are most highly conserved in specific domains implicated in the binding and hydrolysis 
of GTP (Bourne, 1991). RHOl however, is unique among most rho genes and other 
ras related genes it its GTP binding G4 region. Most often, G4 comprises the 
conserved amino acid sequence NKXD. RHOl, however, codes for CKXD (Section 
I, Figure 2). Interestingly, the asparagine residue is thought to be a key residue 
involved in forming the protein's 3 dimensional structure. The unique role of cysteine 
in the RHOl G4 region is unknown. 
Rho genes have been highly conserved throughout evolution. Human rhoH12 
shares 96.8% similarity with Aplysia rho and 81.8% similarity with yeast RHOl 
(Madaule and Axel, 1985). This report demonstrates that in spite of their extreme 
conservation, human rhoH12 can not function in place of RHOl in yeast. RhoH12 and 
RHOl must therefore achieve different goals by assuming different 3-dimensional 
conformations or by interacting differently with specific effector molecules. It is 
intriguing that an 18% difference in amino acids between both genes could alter their 
function so drastically. 
Though RHOl has been implicated in GTP binding and hydrolysis, its G4 
guanine nucleotide binding region is unique among other rho genes and ras-related 
genes. G4 most often has the amino acid sequence NKXD. The RHOl G4 region 
however, has the sequence CKXD. An N to C conversion in RHOl is intriguing 
because the residues arc very different. The neutral asparagine is capable of forming 3 
hydrogen bonds whereas the ambivalent cysteine can only form 2 hydrogen bonds. 
The asparagine residue in the G4 NKXD region is thought to bring regions G1 and G5 
near the guanine base through hydrogen bonds. The RHOl cysteine in G4 may form a 
disulfide bond with another cysteine in region G1 and perhaps with the cooperation of 
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surrounding residues is able to bind the G5 region and the gaunine base. Research in 
our laboratory has shown that mutating the RHOl cysteine residue in G4 to an 
asparagine residue does not sîftciRHOl function. It seems likely therefore xhsxRHOl 
assumes the 3-dimensional shape of its relatives regardless of its unique G4 cysteine 
residue. Human rhoH12 was mutated in this report in region 04 to resemble RHOl. 
However, the mutated version of rhoH12 was also not capable of replacing RHOl. 
RHOl and rhoH12 therefore, do not share a common function even when they share 
the unique cysteine residue in region 04. 
Although yeast cells and humans are veiy different, their Rho genes are 81.8% 
similar. The strong conservation of Rho genes throughout evolution demonstrates their 
importance and is suggestive of a potential role of activated Rho alleles in cancerous 
growth. 
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GENERAL CONCLUSIONS 
The Saccharomyces cerevisiae haploid genome comprises 16 chromosomes 
consisting of 14000 kilobasepairs of DNA (Watson et al., 1987). Despite the relatively 
small genome size, yeast is likely to contain roughly the same number of genes as other 
eucaryotic cells suggesting that its coding information is packed more densely in the 
chromosome with relatively low amounts of noncoded information. This prediction is 
supported by the finding that typical yeast genes do not contain introns (Watson et al., 
1987), and are located close to each other on the chromosome with littie noncoding 
spacer DNA separating the coding information. This dissertation examines a specific 
example of the density of the yeast genome, the RHOll MRP2 locus on chromosome 
XIIL 
RHOl, a member of the ras gene superfamily, codes for an essential 23 Kd 
guanine nucleotide binding protein thought to negatively control bud formation 
(Madaule and Axel, 1985; Myers, unpublished). An unrelated neighboring gene, 
MRP2 codes for a mitochondrial ribosomal protein required for respiration. This 
dissertation characterizes the intergenic region between RHOl and MRP2 on a 
transcriptional level and identifies essential control sequences enabling such close 
spacing between yeast genes. 
Examination of RHOl transcription revealed that RHOl mRNA possesses 
extensive nontranslated regions with relatively jagged termini. Transcription initiates 
approximately 200 to 75 nucleotides upstream from the translation initiation codon and 
proceeds anywhere from 150 to 250 nucleotides downstream from the translation stop 
codon. On the other hand, MRP2 mRNA is more typical of 5. cerevisiae having a 30 -
50 nucleotide 5' untranslated leader and a 3' nontranslated trailer of approximately 50 
nucleotides. Amplification of 3' RHOl and MRP2 cDNA has demonstrated that RHOl 
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and MRP2 polyadenylation sites overlap by approximately 50 nucleotides, a 
phenomenon not found commonly in yeast despite its densely packed genome. 
The functional significance of the transcriptional overlap was investigated by 
truncating RHOl and MRP2 near their translation stop codons producing RHOlt and 
MRP2t. Cells with a disrupted chromosomal allele of RHOl and approximately 30 
copies of RHOlt were viable suggesting RHOlt produced functional proteins. 
Therefore, the 200 nucleotide 3' noncoding region of the RHOl transcript is not 
essential for protein synthesis. Similarly, cells with a point mutated nonfunctional 
allele of MRP2 became respiratory efficient with the addition of approximately 30 
copies of MRP2t suggesting MRP2t produced functional proteins. 
In the future in might be advisable to provide the cell with one or two copies of 
the truncated gene to further test functionality of the truncated gene products. Perhaps 
30 copies of the truncated gene compensated for any inefficiencies resulting from the 
truncation. 
Separation of RHOl and MRP2 by insertion of URA3 (Rose and Botstein, 
1983) thereby eliminating the 50 nucleotide transcriptional overlap had littie effect on 
polyadenylation sites of either MRP2 or RHOl transcripts. These studies suggested 
that the transcriptional overlap is not involved in processing either transcript. 
Insertion of HIS3 (Donahue et al., 1982) near the translation stop codon of 
either RHOl or MPR2 resulted in antisense HIS3 transcription into the adjacent gene. 
Antisense production of RHOl mRNA led to cell death and antisense production of 
MRP2 mRNA prevented cells from respiring suggesting the antisense transcripts bound 
the sense transcripts preventing protein synthesis. 
Insertion of HIS3 in the opposite orientation near the translation stop codons of 
RHOl or MRP2 resulted in transcription initiation within HIS3 and extension into the 
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undesired overlapping region. Amplification of RHOl and MRP2 3' cDNA 
demonstrated that high levels of the antisense overlap had little effect on RHOl or 
MRP2 transcription termination. 
Together, these findings suggest that transcription termination and 
polyadenylation are coupled events in S. cerevisiae involving unbound transcripts that 
are unable to interact with antisense strands. These findings do not address problems 
of stearic hinderance encountered by transcription complexes present on opposite DNA 
strands. 
A third section of this dissertation describes a functional dissection of terminator 
sequences found in the intergenic region between RHOl and MRP2 responsible for 
terminating overlapping transcription from each gene. Insertion of the 281 nucleotide 
intergenic region in either orientation in URA3 resulted in premature termination of 
URA 3 transcription within the insertion at wild type RHOl and MRP2 polyadenylation 
sites. These findings indicated that transcript termination and polyadenylation are 
independent of the transcripts' coding domain. 
Dissection of the intergenic region revealed two independent terminator 
sequences. The sequence responsible for terminating RHOl transcription was trimmed 
to 200 nucleotides corresponding to RHOl nucleotides 631 to 831. This region 
terminated URA3 transcription most efficiently in the RHOl orientation. A sequence 
resembling a tri-partite Zaret and Sherman terminator (1982) within the 200 nucleotide 
fragment is thought to direct transcription termination. The remaining 70 nucleotides of 
the intergenic region enhanced termination in the RHOl orientation and alone very 
inefficientiy terminated URA3 transcription. 
In the MRP2 orientation however, the 70 nucleotide fragment efficiently 
terminated URA3 transcription. By site directed mutagenesis a 16 nucleotide 
162 
alternating TA element was identified as essential but not sufficient for termination of 
URA3 transcription suggesting the presence of auxiliary signals at or near precise 
polyadenylation sites. Replacement of the 16 nucleotide TA element with a 16 
nucleotide TA rich sequence did not restore URA3 transcription termination suggesting 
the Msendal TA element is sequence specific. In the RHOl orientation deletion of the 
TA element had littie effect on premature URA3 transcription termination. 
Together, these findings suggest firstiy, two independent terminator sequences 
direct the processing of overlapping RHOl and MRP2 transcripts. Secondly, precise 
polyadenylation sites are chosen by auxiliary signals at or near specific sites. Finally, 
in the event RHOl transcription extends beyond normal polyadenylation sites the 
adjacent gene's terminator may complete transcription thereby preventing antisense 
inactivation of the adjacent gene. 
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